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Abstract
A number of novel oligomeric alkenyl functionalised cyanate ester monomers were 
synthesised and characterised. These were designed to be incorporated into blends of 
commercial bismaleimide and cyanate ester resins as modifiers, with the aim of improving 
the glass transition temperature of these systems, whilst retaining or improving on their 
comparatively high fracture toughness. The thermal analysis of the monomers and blends 
is described, demonstrating the reaction of the functionalised cyanates with bismaleimides, 
and the potential increase in glass transition temperature resulting from the incorporation 
of these modifiers into cyanate/bismaleimide blends. Carbon fibre reinforced composite 
samples were prepared, and the results of a number of mechanical tests including mode 1 
fracture toughness are given. The advantages and disadvantages of a number of resin 
blends based on the novel modifiers synthesised during this work, are discussed.
Chapter 1 gives a brief introduction to engineering polymers and carbon fibre composites, 
then outlines the aims of this work more specifically. Chapter 2 first discusses the 
approach taken to the synthesis of the novel modifiers and then gives precise details of the 
syntheses. Chapter 3 introduces the thermal analysis methods used and gives the results of 
those analyses. Chapter 4 describes the methods used for the preparation of carbon-fibre 
reinforced composite samples (based on the new modifiers), the mechanical test 
procedures and the results of those tests. Chapter 5 concludes by bringing together the 
results of the thermal analysis and composite studies, and suggests topics for further 
research.
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1Chapter 1. Introduction
21.1. Introduction to Polymers
A polymer is a high molecular weight molecule, consisting of many repeat units. It is 
derived from one or more types of smaller molecules, known as monomers, held together 
by covalent bonds. Each monomer must have two or more functional groups with which it 
can react with other monomers. An example of a simple polymer is polypropylene (or 
polypropene), made from the polymerisation of propene (figure 1-1).
The figure n, sometimes called the degree of polymerisation is usually high (above 100 for 
many commercial polymers) and may have a profound effect on the physical properties of 
the material.
1.1.1. Classification of Polymers
The structure of polymers is dependent on the monomers and many different types are 
available so polymers are classified according to their composition and properties.
One of the simplest distinctions is between the groups of polymers known as Thermosets 
and Thermoplastics.
Thermoplastics
A thermoplastic is a polymer which softens and melts on heating and hardens on cooling, a 
process which can be repeated many times provided that its decomposition temperature is 
not exceeded.
Thermosets
A thermoset is made from a mixture of monomers which may melt initially, but then sets 
or hardens on heating, to give a polymer which does not melt when re-heated.
Thermosets are amorphous, but thermoplastics may be either amorphous, crystalline or 
partially crystalline. The bismaleimide and cyanate ester resins used in this work are both 
thermosets.
Polymers may be further classified according to their molecular structure, to include linear, 
branched and crosslinked systems.
n
backbone section repeat unit
figure 1-1. Polypropylene.
3Linear polymers
Linear polymers are produced from difimctional monomers which react cleanly at both 
positions to give a simple backbone. Polypropylene is an example of such a polymer, 
others being linear polyethylene (polyethene or "Polythene") and pol>|nethylmethacrylate) 
("Perspex").
Branched polymers
Branching usually occurs as a result of side reactions during polymerisation, to give side- 
chains or branches on the backbone. Polyethylene is an example available in several grades 
ranging from linear to highly branched types. Branched polymers are usually more flexible 
and have lower melting and glass transition temperatures than their linear analogues.
Crosslinked systems
These have chemical bonds between different chains, and can be further divided into lightly 
crosslinked polymers and heavily crosslinked networks. Examples of lightly crosslinked 
polymers are vulcanised rubber (developed by Charles Goodyear) where 2-3% sulphur is 
used as a chemical crosslinking agent for natural rubber, to give a flexible elastic material, 
and polyethlyene and PVC (pol^inylchloridejcrosslinked with radiation. Heavily 
crosslinked networks include the thermosets which are used for many structural 
applications. They tend to be hard materials with a high modulus and retain many of their 
properties at elevated temperatures. Examples are "Bakelite" (phenol-formaldehyde 
resins), epoxy resins and the bismaleimides and polycyanurates (from cyanate esters) used 
in this work. Ebonite or hard rubber (cured with a high percentage of sulphur) is another 
example of a heavily crosslinked network.
1.1,2. Terminology
Definitions of molecular weight
The molecular weight of a polymer is a term which is often used to describe the size of 
polymer molecules, and two different definitions exist. Although not applicable to 
thermosets, definitions are given here as molecular weight is a term used widely in polymer 
science.
The number average molar mass is defined as
” ^  ’ N  
where M-x = molar mass of /th fraction
Nx = number of molecules in /th fraction 
N  = total number of molecules
4The weight average molar mass is defined as
where W-x -  weight fraction
= molar mass of /'th fraction
Melting Points and Glass Transition temperature
Two thermal transitions frequently used in the description of polymers are Tm (melting 
point), and Tg (Glass transition temperature).
Melting points are the easier of the two transitions to visualise, and the melting process for 
a polymer is little different to that for a conventional compound, except that polymeric 
materials may melt over a wider temperature range if a distribution of molecular weights is 
present. Melting points are applicable to non network-forming polymers (cross-linked 
systems generally do not melt before decomposition), and are of particular importance 
when considering processing conditions.
Glass transition temperatures (Tg) are applicable to all types of structural polymers (both 
network forming and non-network forming).
The Tg is the temperature at which the backbone of the polymer starts to undergo 
molecular motion about single bonds. It is important in structural materials, and is an 
indication of the temperature at which the mechanical properties (such as modulus) start to 
decrease rapidly. At the Tg, the behaviour of the polymer changes from that of a glass to 
that of a rubber. Glass transitions may occur over a wide temperature range, especially if 
there is a distribution in molecular weight, and it is often useful to understand the general 
behaviour of a material throughout its glass transition, rather than to merely state a 
temperature.
For most applications a polymer which is to be used for structural purposes must therefore 
possess a Tg above its expected working temperature.
1.1.3. Examples of Natural and Synthetic Polymers
The earliest examples of polymers used by man were naturally occurring products, two of 
the more notable examples being the cis and trans isomers of polyisoprene. Gutta Percha, 
a high molecular weight form of trans polyisoprene was used from about 1600 onwards.
It has low elasticity and was used for purposes such as electrical cable insulation. The cis 
isomer of polyisoprene, is known as natural rubber and found early use as a waterproofing 
agent for cloth. However, natural rubber suffers from low elasticity and is somewhat 
sticky. The process known as vulcanisation, on which Charles Goodyear performed much 
of the early work, was used to modify the properties of natural rubber by treatment with 
sulphur and is a significant development in polymer science in that it was one of the first 
known chemical modifications to a polymer. The sulphur chemically crosslinked the rubber
5to give an elastic material when added in small quantities (2-3%) and a more highly 
crosslinked derivative known as ebonite or black rubber, when added in larger quantities. 
Nearly all of the polymers used commercially today are synthetic and the development of 
synthetic chemistry techniques stimulated the production of a large range of polymeric 
materials. One of the earliest and most well known synthetic polymers was known as 
Bakelite1 (named after its inventor, Baekland), and was made by the co-reaction of phenol 
and formaldehyde. It was a hard brittle compound, but was stable at elevated temperatures 
and found use in a variety of industrial and household appliances. Since then a wide range 
of synthetic polymers have been developed, some of the more common ones being 
polystyrene, polythene (polyethene), poly(nethylmethacrylat^ (Perspex) and epoxy resins.
1.1.4. General Synthetic methods for Polymers
There are many types of different classifications of reaction types, and only a brief 
summary is given in this introduction. Full details of different polymerisation processes 
may be found in many standard texts (for instance Clegg2).
Polymerisation reactions are divided into two main groups
1) Addition polymerisation.
2) Step-Growth (or Condensation) polymerisation.
Addition Polymerisation
Addition polymerisation reactions can be divided into radical and non-radical initiated 
reactions, both of which can be further classified. The main feature of these reactions is 
that they take place in three distinguishable steps, Initiation, Propagation and Termination. 
One monomer unit is added at a time, resulting initially in a roughly linear increase in the 
degree of polymerisation with time. An example of addition polymerisation is the radical 
initiated vinyl polymerisation, studied by Flory3. The general scheme is outlined in figure 
1-2, and the same general principles may apply to bismaleimide homopolymerisation.
The first step is the formation of an initiator radical R% from the initiator, I.
This combines with a monomer to give a monomer radical which rapidly combines with 
another monomer, and polymerisation is initiated.
Chain growth continues until all of the propagator radicals have been used up.
In addition to the steps indicated here, reactions such as chain branching may take place, 
however a detailed coverage of such processes is beyond the scope of this thesis.
Step-Growth Polymerisation
In step-growth polymerisation, dimer, trimer and other oligomeric units may react with 
each other (rather than only with monomers), and the chain length of species present 
during the reaction increases progressively. An example reaction is that between a diamine 
and a diacid chloride, to give a polyamide (''nylon", see figure 1-3).
2R-
R - + h 2c = c h x
Initiation
H
r - c h 2— | -
X
H
R -C H ,— I •
X
I^C^CHX
propagation
R -C H ^
H
X
CHj-
H
X
R— CHj-
H H
X X
C ^ - R R CHj-
H H
X X
CHj-
combination (termination)
H H
R— CH,- -CHj-R
H H
R— CH2 = {  + H -
X X X
disproportionation (termination)
X
figure 1-2. Simplified reaction scheme for vinyl radical polymerisation.
diamineO diacid chloride
NaOH catalyst
dimer
dimer + (acid chloride or amine) 
dimer + dimer
-> tnmer
tetramer. etc.
R
CH,— R
figure 1-3. Step-Growth polymerisation
7Both types of polymerisation have their own complex mechanisms and kinetics, an account 
of which is beyond the scope of this thesis but which can be found in many texts (for 
instance Clegg2). However one kinetic effect which may have particularly important 
practical implications is that in step-growth type polymerisations, high molecular weight 
species are only found towards the end of the reaction, whereas with addition type 
polymerisations high molecular weight species are present from an early stage. In addition, 
polymers made via an addition mechanism tend to be of higher molecular weight than 
those made via a step-growth process.
This may be an important consideration for structural polymers, where molecular weight 
may affect the bulk properties of the polymer.
1.2. Polymers as Engineering Materials
Many polymers have mechanical properties which make them attractive as structural 
materials, and these polymers are sometimes referred to as Engineering Plastics. Nearly all 
of the polymers mentioned in this introduction fall into this category, distinguishing then 
from other types of polymers, such as polyethylene glycof (used in brake fluid) which is 
clearly not an Engineering Plastic.
1.2.1. Property Requirements
When a polymer is being selected for a particular structural application, several property 
requirements must be assessed, including those listed below.
1) Strength and Modulus. A high modulus and strength to weight ratio is required for 
most engineering plastics.
2) Toughness. A high toughness for resistance to damage is a usual requirement.
3) Glass Transition temperature. A glass transition temperature and melting point (if 
applicable) above the maximum use temperature of the material are usually required.
4) Environmental Stability. The material must be stable to the effects of the operating 
environment (temperature, water, solvent resistance, etc.).
5) Processability. It must be possible to mould or engineer the material to its required 
shape.
In addition the material should be of a reasonable cost.
Property Requirements for Aircraft Structures
The envisaged use of the materials studied during this work is primarily as matrix resins 
for use in High Performance Composites, for use in aircraft with a Mach 2 (twice the 
speed of sound in air) capability or greater. At present the major use for such materials is 
in military aircraft, although there also exists potential for their use in any future high 
speed passenger aircraft (such as the proposed Boeing High Speed Civil Transport,
sHSCT). The general property requirements outlined above still apply, however the 
temperature requirements are extreme and present a major problem.
It is estimated4 that an aircraft operating at Mach 2.0 and 80% relative humidity (RH) 
would require structural materials capable of withstanding 127°C. However at Mach 2.2 
and 70%RH this increases to 149°C , a temperature beyond the capability of existing 
epoxy resin systems.
Long term thermal stability and high fracture toughness are other important requirements. 
High Tg and high fracture toughness are difficult properties to achieve at the same time, 
high Tg materials usually being very brittle.
1.2.3. Factors Affecting Glass Transition Temperature
As a high Tg is a major requirement of high performance materials, a little thought must be 
given to factors affecting Tg. Earlier, Tg was defined as the temperature at which the 
backbone of the polymer starts to undergo rotation about single bonds. Thus molecular 
properties which affect the ability of the polymer to rotate about single bonds will affect 
the Tg, and thus any change which increases the rotational energy barriers will increase Tg 
and vice versa.
Thus side groups on the backbone may increase Tg, bulky ones more so. Incorporation of 
rigid structures (such as rings) into the backbone, and cross-linking between chains also 
increase Tg. Tg may increase slightly with molecular weight. Tg also generally increases 
with increasing molecular weight.
For these reasons almost all high temperature materials are based on aromatic materials, 
and many of them are thermosets with a high cross-link density.
Limitations of current resin systems
A very common type of engineering plastic is the epoxy resin, which, as its name suggests 
is based on the epoxide group and its chemistry. Epoxy systems are on the whole relatively 
cheap, easy to process and very well characterised, making their use in composite 
materials very desirable. Their chemistry and properties are well described in many texts 
and in the open literature, and because of the vast scope of the epoxy resin field, no 
attempt is made here to cover them. The wide variety of different resins available means 
that a suitable epoxy resin can be found which fulfils the property requirements outlined 
above for a wide range of applications. Their major drawback however, is their maximum 
operating temperature, with most epoxy systems having Tg's below 150°C. Even some of 
the more advanced tetrafimctional systems which have dry Tg's of over 250°C suffer 
severely from moisture adsorption, and are limited to operating temperatures of around 
150°C in moist environments.
9Polyimides are a class of material that have very good high temperature performance, 
however they are generally difficult to process and their use is much more restricted than 
epoxies.
Several types of resin have been considered as alternatives for high temperature uses. Two 
of them are bismaleimides and cyanate esters, and these form the basis of the resin system 
studied in this work.
Toughening Procedures
As poor toughness is a further limitation of most high temperature thermosets, they 
require modification to achieve a suitable toughness. General toughening procedures 
include rubber toughening, addition of thermoplastics and chemical modifications to 
reduce cross-link density. These procedures are covered in section 1-4 together with 
bismaleimides, as many of the methods are specific to bismaleimides, which are of 
particular interest in this work.
1.3. Composite Materials
As the name suggests, composite materials consist of two or more physically distinct 
components. Some examples are wood, metallic alloys, reinforced concrete beams and 
reinforced plastics. However in this work, the word Composite is used exclusively to refer 
to fibre-reinforced plastics, and in particular carbon-fibre reinforced thermosets. General 
information on fibre reinforced plastics can be found elsewhere^5’6’7) and only a brief 
introduction is given here. Fibre reinforced plastics consist of two components, a matrix 
resin and a reinforcing fibre. The fibres generally have very high modulus and strength, but 
are brittle and have very small diameters (typically 7-15pm). They are of little use on their 
own as structural materials. Some of the fibre types used include glass, boron, silicon 
carbide and "Kevlar" (made from aromatic polyamides).
The plastics used as matrix resins have a much lower tensile strength and modulus than the 
fibres, however they are often tough (compared to the fibre) and provide a means of 
maintaining fibre orientation. Some of the resins used include polyesters, epoxies, cyanate 
esters and bismaleimides, although thermoplastic based composites are increasing in 
popularity with the development of new moulding techniques73.
When the two components are combined, the resulting material has very different 
properties to those of the individual components, usually resulting in a material with a very 
high strength and modulus to weight ratio.
1.3.1. Carbon Fibre
A common type of reinforcing material for high performance composites is Carbon Fibre, 
and the composites studied during this work were exclusively based on carbon fibre. 
Carbon fibres are noted for their high tensile strength and modulus, and their ability to
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withstand high temperatures (roughly equal to those at which high temperature organic 
matrices decompose in air, and much higher temperatures in an inert atmosphere). The 
most common method used to prepare carbon fibres is that developed by Watt and 
Johnson at the Royal Aircraft Establishment (RAE), Famborough (now Defence Research 
Agency), using polyacrylonitrile (PAN) as a starting material. A similar process was 
developed independently at roughly the same time at Rolls-Royce, Derby8 and a process 
using rayon fibre precursors was developed by Union Carbide in the United States. The 
RAE process is outlined below- more detail on this and on carbon fibre structure can be 
found in Watt and Johnson's original papers and in several subsequent reviews^9’10*11’12’13). 
The important feature of the RAE process, compared to earlier efforts is that the PAN 
fibres are heated under tension, prior to carbonisation. This is believed to orientate the 
PAN molecules so that the initial cyclisation (see figure 1-4) may take place more 
efficiently.
RAE carbon fibre process
1) PAN fibre was held under tension and heated to between 200 and 220°C in air, for 
several hours.
2) This oxidised fibre was "carbonised'1 at 1000°C in an inert atmosphere.
3) The fibre was then treated to further heating at temperatures of between 1500 and 
2500°C.
Most modem commercial fibres are given further treatments:
A degree of surface treatment (usually chemical oxidation) may be used to improve 
adhesion between the resin and fibre, before gathering the fibres into yams (typically 
several thousand per filament).
A "size" or thin coating of a resin is usually applied to the fibre, to improve the handling 
characteristics of the yam and to aid adhesion to the matrix resin. Uncured epoxy is the 
usual choice of size (at 1.0-1.5 % by weight), but others such as polyimide4 have recently 
been investigated for high temperature uses.
Chemical Transitions during fibre manufacture.
The first heating step causes cyclisation of the PAN fibre to form a ladder polymer. If the 
process is carried out in air, an oxidation process occurs giving ketone groups along the 
carbon backbone. On further heating, it is believed that reactions such as the elimination of 
water and the elimination of nitrogen both lead to cross-linking between polymer chains 
(see figure 1-4). Other processes, such as elimination of hydrogen cyanide and ammonia 
may also occur.
11
€ = N
initial heating€ = N
cyclisation
•C=N
200-200°C
partial oxidation
*
N
N  CH. 0 :
N CH  ^ 0 = <  N
Jri? yri?
elimination o f water
elimination o f nitrogen
heat in inert atmosphere^* 
T>1000°C
final graphite type structure
figure 1-4. Transition of PAN to carbon fibre (Watt9).
Common uses of Carbon Fibre Reinforced Composites
Carbon-Fibre Composites are widely used structural materials and are found in a variety of 
products ranging from sports equipment to racing car shells and aircraft structures. Their 
main advantages are their high strength to weight ratio over competitors such as 
aluminium alloys or steel, and their ability to be moulded into complex shapes. Their 
disadvantages include high cost, low maximum operating temperatures and poor 
toughness.
Some specific uses of cyanate ester and bismaleimide based composites are given in the 
sections on those materials.
1.4. Bismaleimides
Bismaleimides (BMIs) are a class of high temperature materials which belong to the 
Polyimide family of resins (more details of which can be found in the text by Wilson et
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a/.4), and are used in several parts of this work. Conventional polyimides possess excellent 
thermal and mechanical properties, but are difficult to process. Bismaleimides are 
somewhat easier to process and are widely used as high temperature materials, their 
temperature performance being only slightly compromised when compared to conventional 
polyimides, and therefore still far better than epoxies.
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general bismaleimide structure bismaleimido-4,4'-diaminophenyl methane 
(DDM-BMT), a common bismaleimide
figure 1-5. Bismaleimide structure
Their Tg's are high (typically 200-300°C depending on the blend), and typical 
bismaleimides do not show weight loss by dynamic Thermogravimetric Analysis (TGA) 
until temperatures in excess of 300°C are reached. Their processability is also reasonable, 
with many formulations available that can be cured in a similar way to epoxies, albeit at 
slightly higher temperatures, thus reducing the need for new processing equipment. One of 
their major drawbacks is their poor fracture toughness (they are very brittle), partly due to 
the very high crosslink density. Several methods for improving the fracture toughness of 
bismaleimides may be used, and these are outlined in section 1.4.1.
Bismaleimides may be synthesised from an amine and maleic anhydride using a method 
based on that of Searle14. They polymerise via the maleimide double bond (figure 1-6).
The mechanism is believed to be radical based as hydroquinone, a radical inhibitor, has 
been shown to retard the polymerisation process15. More recently several radical species 
have been identified in bismaleimide resins during cure by Electron Spin Resonance 
spectroscopy16 (ESR), namely the bismaleimido phenylmethane radical, a vinyl type radical 
and a propagating radical (see figure 1-7).
Several kinetic studies (many based on Differential Scanning Calorimetry (DSC)) have 
been carried out on bismaleimide homopolymerisation. Those by Hamerton17 et al. and 
Barton et a l18 which used a simple nth order fit found overall reaction orders of between 
1 and 2. A similar study by Goodwin19 found similar conclusions. Both sets of results 
suggested that the reaction mechanism is quite complex, and that the simple nth order 
kinetic model was not satisfactory. Martin20 found that a model based on a multi-step 
radical mechanism (similar to the vinyl mechanism shown in figure 1-2) correlated very 
well with experimental DSC and Fourier Transform Infra-Red (FTIR) data, and derived
13
kinetic parameters for this mechanism.
As well as radical catalyst polymerisation, bismaleimides can undergo an ionic 
homopolymerisation, to give the same products21. Catalysts such as diazobicyclo-(2,2,2)- 
octane (DABCO) and 2-methylimidazole have been recommended for use with some 
commercial bismaleimides22.
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figure 1-6. Bismaleimide homopolymerisation.
bismaleimido phenylmethane radical
H
O O
X
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X
O
propagating radical vinyl radical
figure 1-7. Species present during bismaleimide cure (Brown16).
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Some example uses of bismaleimide based composites
Carbon-fibre reinforced BMIs have found uses in several high performance applications, 
particularly in high speed aircraft. For instance, V378A (US Polymeric23), a modified 
bismaleimide blend has been used in parts of the AV8B, a derivative of the British 
Aerospace Harrier and in the F16XL prototype aircraft24. Glass-fibre reinforced 
bismaleimide (Kerimid 601, Rhone Poulenc) was used by Rolls Royce in parts of their 
RBI62 engine.
1.4.1. Toughening Procedures
Most thermosets are inherently brittle, bismaleimides more so than most, and require a 
degree of modification to increase their toughness to acceptable levels. Several toughening 
procedures are outlined below, some of these are general methods applicable to epoxies, 
cyanates etc., as well as bismaleimides, whereas others are specific to bismaleimides.
1) Rubber Toughening.
This is widely used to toughen epoxy systems, and involves the addition of 5-20% of a 
suitable rubber to the resin. The technique has also been successfully applied to both 
bismaleimides^25’26) and to cyanate esters^27’28’29’30). The technique is undoubtedly very 
effective at toughening thermosets, but there is often a penalty in reduced Tg, thermal 
stability and reduced modulus.
2) Thermoplastic Modifiers.
Addition of between 10 and 30% thermoplastic of a suitable type is widely used in the 
toughening of various thermosets. The thermoplastics are blended into the thermoset 
during processing, and phase separation takes place during cure. The technique has been 
widely applied to both bismaleimides^31’32) and cyanates (33,34,35,36,37,38) Thermoplastic 
modified thermosets tend to have higher Tg s than rubber toughened systems, and retain 
most of the mechanical properties (such as modulus) of the unmodified thermoset. The 
thermal stability of such systems is satisfactory, however they are usually limited by the Tg 
of the thermoplastic, which is in the 150-200°C region for the pol^rylene ethei) type 
modifiers often used for this process. More recently functionalised thermoplastics which 
can react with the thermoset have been investigated, for bismaleimides  ^39’4°) and 
cyanates^41’37). One of the aims of this approach is to improve the solvent resistance of the 
material by chemically bonding the thermoplastic to the thermoset matrix.
3) Interpenetrating Networks.
A full Interpenetrating Network (IPN) is formed when one existing network polymer is 
swollen with a second monomer (that does not react with the first network), which is then 
cross linked itself. A similar system is a Simultaneous IPN where two non-reacting
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monomers are cross-linked in the presence of each other. The two routes, however, may 
lead to different morphologies.
A specific example of a bismaleimide containing IPN is the bismaleimide/cyanate blend 
which forms the basis of the composites studied in this work. The toughening mechanism 
is not fully understood but may arise from the differing morphology of the IPN system 
compared to homopolymers, with the possibility of discreet phases of polycyanurate and 
poly-bismaleimide, and areas containing both species. More general information on IPNs 
may be found elsewhere^42’43).
4) Chemical Modification
Bismaleimides are susceptible to nucleophilic attack via a Michael addition, and the 
reaction for amines was demonstrated by Kovacic44. Although other nucleophiles have 
been investigated, amines are the most popular choice, and a detailed investigation of a 
model compound system based on bismaleimide-amine adducts can be found by Crivello45. 
More recently Martin20 carried out a kinetic/mechanistic investigation on a cross-linking 
system. Both Crivello and Martin concluded that two main reactions were occurring, 
addition of primary amines to the maleimide group, and maleimide homopolymerisation. 
The Kerimid 601 commercial resin (Rhone-Poulenc) is based on bismaleimido-bis-(4- 
aminophenyl)methane (DDM-BMI)and bis-(4-aminophenyl)methane (see figure 1-8).
Acid hydrazides have also been considered as adducts, with the commercial systems 
Compimide 796 and Compimide 183 (Technochemie), being based on this chemistry. 
Generally these bismaleimide-amine adducts (sometimes referred to as aspartamides) have 
a lower cross-link density than unmodified bismaleimide base polymers, and have higher 
fracture toughness. The thermal stability of such systems is inferior to unmodified 
bismaleimides15, and the Tg's are lower, nevertheless these systems account for a very large 
share of the bismaleimide market. A consideration which may become increasingly 
important is the high toxicity of the aromatic diamines used.
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figure 1-8. Amine Michael addition to bismaleimide
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Recently several bismaleimide commercial resins have become available with allyl phenol 
or aromatic-propenyl type co-monomers. Matrimid 5292 (Ciba) is based on diallyl 
bisphenol-A and DDM-BMI (see figure 1-9), and Technochemie have developed a series 
of propenyl phenoxy terminated oligomers for use as modifiers for their Compimide range 
of bismaleimide resins^46’47). Allyl phenol type modifiers are believed to react with the 
bismaleimide via an Ene reaction, followed by a Diels-Alder reaction (figure 1-11). This 
reaction sequence was proposed by Zahir et al.4*, who isolated intermediates from a diallyl 
bisphenol-A /DDM-BMI pre-polymer, and proposed structures based on Nuclear 
Magnetic Resonance spectroscopy (NMR) and Mass Spectroscopy. The products from 
later stages of reaction were not isolated.
HD OH N-
O O
figure 1-9. Components of Matrimid 5292 (Ciba)
O
figure 1-10. Propenyl phenoxy type modifier (Compimide TM122, Technochemie)
The propenyl-phenoxy functionalised compounds are proposed to react with 
bismaleimides via a Diels-Alder reaction^47’49) (figure 1-12), although little work has been 
done to verify this.
These two types of modifiers (allyl and propenyl) act as reactive diluents, lowering the 
crosslink density of the matrix and thus increasing toughness. As modifier content is 
increased, a rise in fracture toughness and decrease in Tg is noted.
Chemical modifications are also used widely with epoxies, where amines are a common 
co-reactant. The cyanate-epoxy co-reaction (outlined in section 1.5.2.) is another example 
of a chemical modification, brought about as a result of blending two different monomers. 
The resulting network is tough, has an improved Tgover epoxies and improved dielectric 
and hot/wet properties.
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Ene reaction
OH
OH
Diels-Alder reaction
re-aromatisation
OHOH
figure 1-11. Proposed co-reaction scheme for allyl-maleimide system (Zahir48).
Diels-Alder reaction
addition of 
second maleimide
re-aromatisation
figure 1-12. Proposed sequence for propenyl-maleimide co-reaction (Stenzenberger47’49).
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Comparison of different methods
The type of modification chosen depends very much on the application. For low 
temperature uses, rubber toughening may be appropriate but for high temperature uses the 
drop in modulus at elevated temperatures is often too great. Thermoplastic and chemically 
modified thermosets are the most commonly used high temperature materials, with only a 
few examples of interpenetrating networks (BT resins from Mitsubishi Gas and Chemical 
Corporation are one example).
1.5. Cvanate Esters
Cyanate esters are an emerging family of high performance resins, which have a high 
temperature capability and a range of useful characteristics. As the compounds synthesised 
during this work were cyanate ester based and a commercial cyanate was a major 
component in the resin blends used for composite studies, a brief introduction to their 
chemistry and applications is appropriate.
Aromatic cyanate esters undergo a cyclotrimerisation reaction to give an s-triazine ring50, 
and when difunctional cyanate esters are used, this reaction leads to a crosslinked network, 
commonly known as a polycyanurate network.
N
N = C - 0
,N0/
C
heat and/or catalysts ^ ^
figure 1-13. s - Triazine/ cyanurate formation
Polycyanurate networks generally show Tg's intermediate between those of epoxies and 
bismaleimides, but have lower moisture adsorption and their hot/wet properties are similar 
to bismaleimides. Whilst polycyanurates are inherently tougher than epoxies and 
bismaleimides, they also respond well to common toughening procedures (see section 
1.4.1).
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1.5.1. History of Cyanate ester synthesis
Early attempts to synthesise cyanate esters, based on the addition of a phenoxide ion to a 
cyanogen halide were largely unsuccessful. Excess phenoxide would react with cyanate 
which had already formed, to give an imidocarbonate type compound. In the late 1950's 
Stroh and Gerber51 made a cyanate ester based on a sterically hindered phenol (2,6-di-ferf 
butyl phenol), so that attack by phenoxide on the cyanate was prevented.
O— C = N
figure 1-14. Cyanato-2,6-di-tert butyl phenol (Stroh and Gerber51)
In the early 1960's, Grigat and Putter52 used a modification of Stroh and Gerber's method 
to synthesise cyanate esters of a number of unhindered phenols. In this synthesis, the 
phenol and cyanogen chloride were first dissolved in a common solvent, then the base 
(triethylamine) was added carefully to the mixture.
figure 1-15. Grigat and Putter's method for cyanate synthesis
This kept the amount of phenoxide present to a minimum, virtually eliminating 
imidocarbonate production.
At roughly the same time two separate groups published alternative methods for the 
synthesis of cyanate esters. Martin53 described the synthesis of phenyl cyanate, and Holm 
and Jensen54 described the synthesis of ethyl cyanate. Both methods were based on the 
thermolysis of thiatriazoles (see figure 1-16).
+ NaN-
figure 1-16. Alternative route to cyanates
Alkyl cyanates cannot normally be prepared using the method of Grigat and Putter, as they 
rearrange readily to isocyanates and isocyanurates54, although some fluorinated alkyl
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cyanates have been synthesised from cyanogen halides by Snow and Griffith55.'
Commercial cyanates are produced using a method based on that of Grigat and Putter, 
with cyanogen chloride generally being used in preference to cyanogen bromide. Cyanogen 
chloride gives a cleaner product, with much lower levels of diethylcyanamide (from a von 
Braun side reaction) produced. To minimise the amount of side-products, this reaction is 
best carried out at low temperatures (typically -20 to 5°C). The use of bases other than 
triethylamine such as sodium hydroxide, potassium hydroxide and triisoamylamine, has 
also been described56.
A more detailed account of cyanate ester synthesis is given by Snow in a recent text57a.
1.5.2. Chemistry of Cvanate Esters
Aside from the cyclotrimerisation, cyanate esters can undergo a wide range of reactions, 
details of many of which can be found in Grigat and Putter's original papers^52’50). These 
include addition by a number of nucleophiles based on thiols, alcohols and amines, addition 
of water, addition by Grignard reagents and reaction with epoxies. An in-depth coverage 
of all of these is beyond the scope of this thesis, and the reactions covered in this section 
are those that are of significance in the application of cyanate esters as resins.
Addition of phenols
Phenols (and alcohols) add reversibly to cyanate esters to give an imidocarbonate.
< 150°C  ^  ^
R -0 -C = N  + R '-O -H   ► R—O— (f
<----------------------------  Vi
> 150°C  \
R’
imidocarbonate
figure 1-17. Reaction of phenols with cyanates.
The imidocarbonate species has been proposed as an intermediate for the 
cyclotrimerisation process.
Addition of water
Water adds to cyanates to form an imidocarbonic acid species, which then rearranges to a 
carbamate (figure 1-18). At temperatures above 200°C, these carbamates decompose with 
the evolution of carbon dioxide gas, leading to blistering in the cured product.
The combined process is a common decomposition mechanism in resin systems where the 
cyanate groups have not been fully converted to triazine, or where the uncured resin has 
adsorbed water.
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figure 1-18. Carbamate formation from cyanates
Reaction with epoxies
The co-reaction of cyanate resins and epoxies has been known for some time58, however 
the nature of the products has only recently been elucidated, by Shimp59 and Bauer*0. 
Shimp used IR to follow the co-reaction and identified the product as an oxazolidinone, 
but did not determine the exact structure. A recent NMR study by Fyfe ei al.61 confirmed 
the nature of the major product from this reaction and determined its structure. Fyfe also 
studied intermediates and minor reaction pathways, and proposed a mechanism involving 
the reaction of two epoxy species with one cyanate based on the products of model 
reactions. This mechanism is outlined in figure 1-19.
*2 *2
CHj O
R,
*2 *2
o
R,
figure 1-19. Cyanate-epoxy co-reaction (Fyfe61).
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Bauer proposed a number of other reaction pathways including insertion of glycidyl ether 
epoxides into cyanurates, isomerisation of the alkyl cyanurates thus formed, ring cleavage 
of alkyl isocyanurates and ring closure to give oxazolidinones, abstraction of phenols and 
phenol-epoxide addition.
Cyanate-epoxy blends are an important use of cyanate esters, with the lower cost epoxy 
often constituting the major component in the blend. The resultant resins are tougher than 
unmodified epoxies, and show improved Tg, hot/wet performance and dielectric loss 
properties59.
1,5.3. Mechanism of Cyclotrimerisation
This has remained an unsolved mystery for a long time in the field of cyanate ester 
chemistry, and a completely satisfactory answer has yet to be found. Shimp62 has proposed 
a mechanism involving metal carboxylates and active hydrogen hydroxyl compounds, a 
common and effective catalyst combination. This mechanism is outlined, below |in figure
Several kinetic studies have been carried out, both on catalysed and uncatalysed cyanates. 
Gupta63 and Martin64 both found the metal/phenol catalysed systems to be second order in 
cyanate. Three different groups have come to similar conclusions about the uncatalysed 
systems; Bauer65, Gupta63 and Martin64 all concluded that the uncatalysed reaction 
proceeded via an autocatalytic route. Bauer suggested that traces of unreacted phenolic - 
OH and water were initially responsible for reaction in an uncatalysed system, and that at
1- 20.
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R
figure 1-20. Proposed cyclotrimerisation mechanism for metal/hydroxyl catalyst62.
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higher temperatures (when water had been driven off) the reaction proceeded via the 
attack of phenolic -OH on cyanate, catalysed by triazine. The carbonic ester imide thus 
formed is then proposed to react with a further two moles of cyanate to yield triazine and 
a phenol, with an overall reaction scheme not dissimilar to that shown in figure 1-20, apart 
from the transition metal catalyst.
Recently Fang66 has identified a dimer and its hydrate (figure 1-21) by mass spectroscopy 
in a part-cured bisphenol-A dicyanate system. These are believed to be intermediates in the 
cyclotrimerisation process. It was proposed that traces of water from the surroundings 
were responsible for the formation of the dimer hydrate species.
H
\
O H
dimer dimer hydrate
figure 1-21. Dimer and dimer hydrate (Fang66).
Cyclotrimerisation in solution
Another recent study is that of Brownhill, who has proposed a mechanism for the solution 
cyclotrimerisation of a model systen#7’68)(see figure 1-22). Brownhill carried out the 
cyclotrimerisations at ambient temperatures with titanium tetrachloride catalysis, in 
dichloromethane solution. The conditions were very different to those encountered in resin 
systems and more work would be needed to establish whether the mechanism is more 
generally applicable.
At the moment there is insufficient evidence to favour any one of these three mechanisms 
over another, and it is quite possible that the cyclotrimerisation of cyanate resins is due to 
a combination of these processes.
1.5.4. Commercial Cvanate Ester Resins
Cyanate ester resins are based on multi-functional aryl cyanates, which can cross-link via 
the cyclotrimerisation process to give a polycyanurate network. The most commonly used 
cyanate ester monomer is based on bisphenol-A (figure 1-23).
A resin based on this monomer was commercialised by Bayer AG in 1976, and was known 
as Triazine-A resin. It was intended for the manufacture of circuit board laminates, 
however it was not a commercial success and was withdrawn shortly afterwards after
24
users of the product encountered severe blistering of the laminates.
Mitsubishi Gas Chemical introduced their BT series of resins^69’70), which were blends of 
bisphenol-A dicyanate and DDM-BMI. At the time the manufacturers proposed a 
heterocyclic compound as the product of the co-reaction between cyanates and 
bismaleimides, but no supporting evidence has been given. Other workers have found no 
such reaction^71*72) and observations made during this work gave a similar conclusion, and 
the existence of a bismaleimide-cyanate co-reaction now seems unlikely, the more 
probable product being an IPN.
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figure 1-22. Proposed mechanism for solution cyclotrimerisation of cyanate (Brownhill68).
N = C —O 0 - C = N
figure 1-23. Bisphenol-A di-cyanate.
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O—C = N  AroCy M10 (Ciba), with methyl groups
in 2 position for improved moisture 
resistance and hydrolytic stability
N = C - 0 '/ w
H
/ /  W
CH3
■q — q =]sj AroCy LI0 (Ciba) low melting viscosity
modifier
CF,
N = C —O—\  V 1----(!  > 0 - C = N
CF,
AroCy F10 (Ciba) fluorinated for improved 
fire retardence and dielectric loss properties
N = C —O C =N  RTX-366 (Ciba, experimental) 
low cure temperature cyanate
figure 1-24. Some commercial cyanates and their uses.
One of the most common cyanate ester resins, again based on bisphenol-A is known 
commercially as the AroCy® "B" range and is currently produced by Ciba, having been 
produced by several other manufacturers previously. The bisphenol-A dicyanate product is 
of a high purity and is a crystalline solid at room temperature, with a melting point of 
approximately 80°C. The resin is usually supplied as a pre-polymer in various stages of 
cure, known as AroCy B30 (30% converted) and B50 (50% converted). AroCy B30 is a 
low melting semi-solid, with a low viscosity after initial melting, and was chosen for use in 
this work.
A variety of other cyanate ester resins with structures designed to give them specific 
properties are available. A few examples are given in figure 1-24, however more details of 
these and other resins can be found in recent reviews(73’57b’74>62>.
RTX366 is an experimental low-cure temperature cyanate, for uses such as space 
composites where low thermal stresses are required, or generally where a lower 
temperature cure is required75.
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1.5,6. Properties of Cyanate Ester Resins
Some of the properties of cyanate ester polymer which may favour their use over other 
resins are outlined below.
Toughness
Cyanate esters are inherently tough compared to bismaleimides and epoxies which are 
their nearest rivals for most uses. For example, the neat resin fracture toughness (G1C) of 
bisphenol-E dicyanate is 160Jm*2 <34>, whereas for unmodified Compimide 353 it is 
30Jm*2 <76>. The high toughness of cyanates compared to epoxies and bismaleimides is 
generally attributed73 to the high rotational freedom of the -O- linkages, of which most 
cyanates contain a high proportion, and to the lower cross link density of the cured resin.
High glass transition temperature
Despite their relatively low cross-link density, cyanate ester resins typically have Tg's in the 
190-290°C region, intermediate between common epoxies and bismaleimides. Those resins 
such as bisphenol-A dicyanate, with a short distance between reactive groups, generally 
develop higher Tg's than those with a longer backbone.
Thermal stability
The s-thazme linkages of the cured resins show very good thermal stability (for an organic 
species), and cured cyanate resins are generally comparable to bismaleimides.
High Conversion
Cyanate esters typically show a very high overall conversion of over 98%, a subject dealt 
with recently in considerable detail by FangC73’77’66). He has proposed that the high 
cyclotrimerisation efficiency is partly due to a high degree of macrocyclic cyclisation. 
Another point of interest is the dual cyclotrimerisation of a simple open chain trimer to 
give a species known as a triazine bi-cyclophane (TBC), a species which gives 100% 
cyanate conversion at a degree of polymerisation of 3. Fang carried out computer 
modelling work to demonstrate that the open chain dimer could readily adopt the 
conformation necessary to react to form the TBC species, and has backed up these 
predictions with mass spectrometry data showing the presence of TBC66.
Processabilitv
Cyanates are reasonably easy to cure, typical cure temperatures being in the 180°C region, 
although high (>250°C) post-cure temperatures may be necessary if a high Tg is required. 
Cyanates can usually be advanced or B-staged very predictably and common commercial 
cyanate ester resins, such as the AroCy series (Ciba) are available in various stages of 
cure. A range of cyanates with different temperature-viscosity profiles are also
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commercially available such as the low room temperature viscosity AroCy L-series. By 
careful choice of resins it should be possible to tailor a cyanate blend to a wide range of 
processing requirements.
Low Toxicity
Aromatic cyanate esters have a relatively low toxicity, especially compared to the aromatic 
amines used to cure some bismaleimides and epoxies.
LD50 (rat, oral) >2.5 gKg*1 for bisphenol-A dicyanate (data from manufacturer, Ciba). 
Low Moisture Uptake
Polycyanurate networks typically have a low water uptake of 0.5-2.5%62 despite their high 
free volume. This is believed to be due to the lack of unbalanced dipoles in the cured resin 
and the lack of hydrogen-bonding sites.
Low Dielectric Constant
Cured cyanate resins typically show dielectric constants (DjJ of between 2.5 and 3.1, and 
low dissipation factors (Df) of between lx l O'3 and 4xl0*3- As with the low moisture 
uptake, this is attributed to the lack of unbalanced dipoles in the cured resin.
1.5.7. Applications of Cvanate Ester Resins
The resin blends studied in this work were aimed primarily for use as structural 
composites, for aerospace structural applications. Cyanate esters have a number of 
additional uses, some of which are outlined below. More details of these applications are 
given by Shimp(57b’73>.
One of the major uses of cyanate ester resins is in the electronics industry for making 
laminate for printed circuit boards78 and as insulators, where their low dielectric constant 
and low dielectric loss factors make them favourable over epoxies and bismaleimides.
Their high temperature capability is also an advantage, where high-power circuitry is 
involved. Cyanate esters are also used in Multichip modules (high density interconnects for 
mounting chips onto circuit boards) and as adhesives for flexible circuitry.
The low dielectric constant and low dielectric loss factors of cyanate esters makes them 
suitable materials for use in radomes and antennae79, and for use in Stealth aircraft 
applications.
The low outgassing capability of cyanate ester resins has led to interest in their use as 
structural composites for space applications5715. Low cure temperature cyanates are being 
developed for this purpose75 where the combination of low thermal stresses during cure 
and low outgassing leads to low distortions of the structures (useful for reflectors etc.). 
Other applications of cyanate ester resins include adhesives, optical waveguides, electro- 
optical devices, and biomedical applications including artificial joints and controlled release 
devices.
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1.6. Cyanate Ester/Bismaleimide Blends
The blending of cyanate esters with epoxies and thermoplastics has already been 
mentioned. Another type of material with which cyanates may be usefully blended is the 
bismaleimide family of resins. Mitsubishi Gas and Chemical introduced its BT range of 
commercial resins^69’70), which were blends of bisphenol-A dicyanate and DDM-BMI. They 
were aimed at the electronics industry, in particular for use in the manufacture of printed 
circuit board laminates. At the time it was claimed that a co-reaction between the cyanate 
and bismaleimide took place during cure, although it appears now that this was not the 
case, and an interpenetrating network was the result (see section 1.5.4.). As these resins 
were aimed at circuit board applications, little work was done on their application in 
carbon fibre reinforced composites.
In carbon-reinforced composite applications, the simple blending of a commercial cyanate 
ester (AroCy B30) and a commercial bismaleimide resin (Compimide 353) was found to 
give a significant increase in fracture toughness over both of the respective 
homopolymers^80’81). The toughening was believed to be due to the modification of the 
morphology of the resin as a result of the formation of an Interpenetrating Network (IPN). 
In such networks, the two components may undergo glass transitions at different 
temperatures and this is reflected in the properties of the bulk material, such as the 
observation of more than one glass transition82 (this was observed in a BT type blend of 
DDM-BMI and bisphenol-A dicyanate). The lower of these Tg's is usually the limiting 
factor when considering the temperature performance of such materials, and in the case of 
cyanate/bismaleimide blends, the cyanate nearly always shows the lower Tg. One theory, 
which has yet to be proved, is that the toughening observed is due to the formation of 
discreet regions of polycyanurate and polybismaleimide, as well as interfacial regions 
containing both types of network. The observation of two glass transitions in such 
materials supports such a claim; in a homogeneous network, only one glass transition 
would be expected.
1.6.1. Linked IPNs- Alkenyl cvanate modifiers
Although such blends are reasonably tough, their Tg is limited by that of the cyanate 
network, and one approach to this problem has been the development of special "modifier” 
resins, which have the ability to react with both networks. The addition of a small amount 
of such modifiers to a cyanate/bismaleimide blend may increase the Tg of the overall 
network, by linking the polycyanurate network to the higher Tg polybismaleimide network, 
whilst retaining much of the original morphology of the blend, and thus retaining the high 
toughness.
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An early example of this is diallyl bisphenol-A di-cyanate, covered by a Japanese patent 
(Toshiba)83 ( figure 1-25). The allyl groups are believed to react with the bismaleimide via 
an Ene reaction, in a similar way to di-allyl bisphenol-A (see figure 1-11).
figure 1-25. Di-allyl bisphenol-A dicyanate.(DABAOCN)
Several other simple allyl-cyanate type compounds were covered in the patent, however 
very little follow-up work has been published since, and little is known about the 
applications of these compounds. Some thermal analysis and composite testing of di-allyl 
bisphenol-A dicyanate was carried out by Hamerton and Stedman(80’81>82’72), showing its 
co-reaction with bismaleimides and the potential enhancement of the properties of a 
bismaleimide/cyanate blend.
A development of the original work was to synthesise bisphenol-A based cyanates with 
2-propenyl functional groups (rather than allyl or 1-propenyl groups). These compounds 
were also studied by Hamerton and Stedman*81’80), and formed the basis of a U.K.patent 
application84. The advantage of the di-propenyl bisphenol-A based modifiers (figure 1-26) 
over the allyl based modifiers is that they are more reactive towards bismaleimides than the 
allyl based modifiers. They are believed to react with bismaleimides via a Diels-Alder 
reaction, however this has not yet been verified experimentally.
figure 1-26. Di-propenyl bisphenol-A dicyanate. 
(mixture of isomers- c is  20% :  tr a n s  80%)
Polymers based on blends of a commercial cyanate, a commercial bismaleimide and di- 
propenyl bisphenol-A based modifiers were found to exhibit very good toughness/Tg 
combinations, with composite samples showing G1C values in the 350-450 Jnr2 region, and 
Tg onsets between 200 and 250°C. Unfortunately the synthesis of di-propenyl bisphenol-A 
dicyanate on a large scale proved to be a problem85, as the crude cyanate had a tendency
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to polymerise uncontrollably during preparation (crude cyanates are often heated under 
vacuum to drive off volatile impurities).
1.6.2. Scope of this work
The broad aim of this work was to extend the study of these alkenyl cyanate modifiers 
(both allyl and propenyl) to include a variety of higher molecular weight species. The 
reasons for investigating the use of oligomeric modifiers are threefold;
1) Oligomeric modifiers would allow a modification of the cross-link density, compared to 
low molecular weight modifiers, and yield the possibility of different mechanical 
properties. A lower Tg (compared to a bisphenol-A based modifier, for instance) might be. 
expected, but with an associated increase in toughness.
2) The use of an oligomeric backbone would allow more scope to vary the position of the 
alkenyl group, with respect to the cyanate, with a further possible modification of the 
properties of the blend. The use of a longer link between the two networks might yield an 
increase in flexibility of the system.
3) Their higher molecular weight, and thus lower volatility would be a potential benefit as 
volatility problems have been encountered with low molecular weight cyanates86 (many 
commercial resins, such as the AroCy B-series are supplied as higher molecular weight 
pre-polymers rather than the monomers).
The properties sought from the blends based on these modifiers were increased fracture 
toughness and/or glass transition temperature over an unmodified blend, without a 
decrease in either. As a minimum requirement, other general mechanical properties (such 
as modulus, compressive strength and interlaminar shear strength) would remain 
unchanged, and ideally they would be improved slightly. An added bonus would be an 
increase in both fracture toughness and glass transition temperature.
In order that these effects could be investigated an oligomer backbone with suitable 
properties (thermal stability and compatibility with the other resins) was required. 
Polyethersulphone-type compounds were identified as possible candidates. These are a 
family of relatively high Tg thermoplastics with an aromatic backbone and good thermal 
stability. A common preparation is by the condensation of a di-functional phenol (for 
example bisphenol-A) and bis-(4-chlorophenyl)sulphone, in solution in a polar aprotic 
solvent in the presence of base. More details on these polymers can be found in the 
original papers^87’88’89/
The modifiers that were to be synthesised in this work were based on low molecular 
weight oligomers, and so the mechanical properties of the parent polyethersulphones 
would be of no relevance, but their high thermal stability would be an advantage.
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Compounds studied
The oligomeric modifiers shown in figure 1-27 were synthesised. Of these, the first three 
(code-named 6rOCN, 4rOCN and 5rOCN) were evaluated as modifiers for a blend of a 
commercial cyanate and a commercial bismaleimide. The methods used for the synthesis of 
these compounds, and the details of the thermal and mechanical analyses performed on
blends containing them are reported in chapters 2,3 and 4.
N = c—o o —C = N
o
6rOCN
O—C = NN = C —O O
O
4rOCN
O
o
5rOCN
O—C = N
O
(not tested)
figure 1-27. Modifiers synthesised in this work.
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Chapter 2. Synthesis
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Discussion of Synthetic Routes
2.1. General Requirements
As discussed in the previous chapter, the aim of the project was to study novel oligomeric 
modifiers for co-reaction with a commercial cyanate ester resin and a commercial 
bismaleimide. The general chemical property requirements for each of these modifiers 
were
1) An oligomeric backbone with high thermal stability.
2) One or more cyanate ester groups, to co-react with the polycyanurate network.
3) One or more alkenyl groups to co-react with the polybismaleimide network.
General synthetic requirements were:
1) High yields, as the syntheses would need to be carried out on a large scale.
2) High purity. The compounds would have to be made on at least a 50g scale (and much 
more if these modifiers were to be used industrially), so purification by small scale 
methods such as chromatography would be unfeasible.
3) The use of cheap starting materials, and reactions that could be scaled up without 
excessive cost.
4) To give good molecular weight control. Since part of the aim of the project was to 
investigate modifiers of different chain length, each resin would ideally contain oligomers 
of only one length. This would also make chemical characterisation of intermediates easier.
A backbone based on polyethersulphone type fragments was chosen (figure 2-1).
o
o
potassium carbonate,
N , TV’-dimethylacetamide (DMAC)
160°C
O
H -0
O
n
n= 1,2,etc
figure 2-1. Polyethersulphone synthesis
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Aromatic polyethersulphone type compounds are noted for their relatively high thermal 
stability88 and high glass transition temperatures, and are reasonably easy to synthesise on 
a large scale from cheap reagents. They are typically synthesised from a compound 
containing two aromatic -OH groups (such as bisphenol-A ) and a di-halo 
phenylsulphone87 (such as bis(4-chlorophenyl)sulphone), by heating with base in a polar 
aprotic solvent.
2.2. AIM Functionalised Oligomeric Modifiers
2.2.1. Synthesis of 6-Ring Alkenyl Cvanate Modifier (6rOCN)
Attempts at synthesis from unfunctionalised ether-sulphone oligomers 
A low molecular weight (<1000) bisphenol-A/ bis(4-chlorophenyl)sulphone oligomer 
(figure 2-2) was chosen as a starting point. This would form a logical extension to 
previous work on monomeric bisphenol-A based modifiers (section 1.6.1.), whilst 
preventing the modifiers from being essentially functionalised thermoplastics.
O
o
figure 2-2. Hydroxy-terminated ether-sulphone oligomer.
Allyl side chains could be added, via the allyl ether of the oligomer and a Claisen90 
rearrangement. The cyanate functionality could be achieved by reaction of the resulting 
hydroxy-functionalised compound with a cyanogen halide (see figure 2-3). Cyanogen 
bromide was used in all of this work. Cyanogen chloride is used industrially and gives a 
cleaner product, but the difficulties of handling it in a laboratory made its use unfeasible.
bromideR= ether-sulphone 
type oligomer
OH
cyanogen bromide,
acetone,
triethylamine
figure 2-3. Proposed route to incorporation of allyl and cyanate functional groups.
35
The first attempt to synthesise the backbone (based on the method of Abraham91) was 
carried out by condensation of bis(4-chlorophenyl)sulphone and 2 equivalents of 
bisphenol-A. A distribution of products was expected, and this turned out to be the case. 
Unfortunately the different products could only be separated satisfactorily by 
chromatography, meaning that this preparation would be tedious on a large scale.
Another method which reported the synthesis of this compound in a purer state92 was also 
found to be unsuitable.
Synthesis from partially protected bisphenol-A
The use of a protecting group, to protect one of the hydroxy functions on bisphenol-A 
would be a logical way to prevent formation of longer oligomers. An ideal protecting 
group would be the allyl ether, as deprotection could be achieved with the Claisen 
rearrangement to give allyl side chains. Assuming that bisphenol-A mono-allyl ether (1) 
could be prepared, the new route would thus be as shown in figure 2-4.
The first method investigated for making the mono-allyl ether of bisphenol-A was simply 
to add one equivalent of allyl bromide to bisphenol-A in a Williamson type ether synthesis. 
The method for carrying out this reaction when two equivalents of allyl bromide were 
used81 (for the synthesis of di-allyl bisphenol-A), was a two-phase toluene/water system 
using tetra-alkyl ammonium bromide phase-transfer catalysts. This gave a low yield of the 
mono-allyl ether of bisphenol-A (less than the 50% statistical distribution expected).
(1)
o
o.
potassium carbonate, DMAC 
160°C
(2)
O
200°C
(3)
O
figure 2-4. Bisphenol-A mono-allyl ether/ bis(4-chlorophenyl)sulphone condensation.
A possible reason for this is that bisphenol-A di-anion, when formed, is preferentially 
moved from the aqueous phase into the organic phase, due to its ability to complex with 
two molecules of phase-transfer catalyst (rather than just one, for the mono-anion). A 
single-phase system (methanol and potassium carbonate) gave a better yield of the 
required product (about 50%, as expected).
The isolation of bisphenol-A mono-allyl ether was attempted by vacuum distillation. 
Unfortunately, at the temperature required for distillation (about 190°C / 0.1mm Hg), 
some of the product underwent a Claisen rearrangement. It was noted that if the distillate 
was subsequently heated to complete the Claisen rearrangement only one species, 
mono-allyl bisphenol-A (figure 2-5), was present.
HO OH
figure 2-5. Mono-allyl bisphenol-A (MABA).
Attempts to use this compound to control chain length were not successful, and are 
described briefly in section 2.5.
At this point it was decided to use a different (indirect) route to make bisphenol-A 
mono-allyl ether. Various other phenol-protecting groups were investigated, the aim being 
to find one whose mono-adduct with bisphenol-A could be readily isolated. It was 
eventually found that the mono-tetrahydropyranosyl (THP) ether of bisphenol-A (4, see 
figure 2-6) could be isolated as its sodium salt. Further investigation showed that this 
compound had been used to control molecular weight in other bisphenol-A based 
polymers<93’94>.
figure 2-6. Bisphenol-A mono-THP ether, sodium salt.
This compound was readily isolated from the two other products (bisphenol-A and 
bisphenol-A di-THP ether) present from its synthesis, by slurrying in aqueous sodium 
hydroxide and ether, followed by filtration. It was collected as a solid, with the 
by-products remaining in solution. Addition of allyl bromide gave the THP/ allyl ether (5).
figure 2-7. Bisphenol-A THP/allyl ether.
Acid hydrolysis of the THP group gave bisphenol-A mono-allyl ether (1) which was then 
used as outlined earlier (figure 2-4), to give the OH- terminated oligomer (3). This was 
then cyanated with cyanogen bromide to give the cyanate ester ((6), figure 2-8, referred to 
as 6rOCN).
Subsequently it has been shown that Bisphenol-A mono THP ether/sodium salt (4) can be 
reacted directly with bis(4-chlorophenyl)sulphone95, and deprotected to give the hydroxy- 
terminated oligomer (same compound as in figure 2-3). This was not carried out originally 
as bisphenol-A mono-allyl ether (1) was easier to dry than the THP salt (4), making it 
easier to ensure the correct stoichiometry.
2.2.2. Synthesis of 4-Ring Alkenyl Cvanate Modifier f4rOCN)
A slightly shorter modifier based on hydroquinone and bis(4-chlorophenyl)sulphone was 
chosen as a second target. This was expected to have comparable thermal stability with the 
bisphenol-A based system, but with a different backbone and a slightly shorter chain length 
giving the possibility of different thermo-dynamical and mechanical properties.
The original synthetic strategy chosen was similar to that for the 6rOCN modifier (6) (in 
fact much of the work was carried out in parallel), with refinements particular to the new 
compounds being developed later. Earlier syntheses for this system were based on the 4- 
ring-hydroxy-terminated oligomer (7), shown in figure 2-9.
N = C - O—C = N  (6)
O
figure 2-8. Functionalised cyanate ester oligomer (6rOCN).
O
HO OH (7)
0
figure 2-9. 4-ring hydroxy-terminated oligomer.
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Using the Baever-Villiger reaction
A synthesis of oligomer (7) had already been claimed by Yeager and Schissel96 (see figure 
2-10) . This involved condensation of 4-fluorobenzophenone with bis(4-hydroxyphenyl) 
sulphone, followed by the Baeyer-Villiger oxidation of the product to an ester, and 
hydrolysis to give a hydroxy-terminated oligomer. The Baeyer Villiger oxidation proved 
troublesome, and this route was abandoned.
potassium  carbonate, DM AC  
160°C
3  -chloroperoxybenzoic acid (m cpba), 
chloroform
t
hydrolysis
0
figure 2-10. Original proposed route to hydroxy terminated oligomer (7).
Using Hvdroquinone-THP ether
The next route (see figures 2-11 and 2-12) used similar chemistry to that originally 
employed in the synthesis of the 6rOCN modifier. Hydroquinone was treated with one 
equivalent of 3,4-dihydropyran to give a mixture containing hydroquinone, its mono-THP 
ether and its di-THP ether. Unreacted hydroquinone was removed by washing with water,
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and the mono-THP ether was isolated by extraction into potassium hydroxide solution, 
followed by removal of water to give the potassium salt (8).
Condensation with bis(4-chlorophenyl)sulphone and subsequent deprotection gave the 
hydroxy-terminated oligomer (7).
Formation of the allyl ether (10), its Claisen rearrangement to give compound (11) and 
subsequent cyanation were straightforward and gave the functionalised cyanate ester 
oligomer (12) (4rOCN- see figure 2-13).
This route was, however, more tedious than that used for the bisphenol-A system (where 
simple filtration of the THP derivative (4) was sufficient), due to the extraction procedure 
required, and was difficult to scale-up.
H< ^  ^ -----OH + o
V
B 9 W
4-toluenesulphonic acid (TsOH), 
ether
O O HO-
O +
/ /  \ >H
1) Dissolve in toluene
2) wash with water
HO U 'V-O o V o
Extract into aqueous potassium 
hydroxide solution
KO 9 W O (8)
figure 2-11. Preparation of hydroquinone mono-THP ether, potassium salt (8).
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2 OKO
(8)
+ F_ // V ^ /  V f
DMAC, 140°C
O
0 _ < \  / / “ 0 A \  / ) ~ °  \ \  / /  0
O
TsOH, methanol 
O
o W
H O  (t ^— 0— (! V “S—V \  OH (7)
figure 2-12. First successful route to oligomer (7).
HO \\ / v\ //
0
0
\  / ^ ° - V  / / “ 0H
A llyl bromide, 
potassium carbonate
M T /, o-
= \  II / =
v\ //
= \ r
\  / A - ° “ \ \  / /  0
o
HO
v\ / ,
O
= \  H
200°C
o-
O
Cyanogen bromide, 
triethylamine, / /
acetone -------/
0 - C = NN = C - 0
(7)
(10)
(11)
(12)
figure 2-13. Synthesis of allyl functionalised oligomer (12).
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Using Hydroquinone mono-methvi ether
Hydroquinone mono-methyl ether is commercially available (or is very easily prepared, see 
figure 2-15), and was found to condense with bis(4-chlorophenyl)sulphone in a clean 
reaction to give methoxy-terminated oligomer (13) (see figure 2-14).
Conventionally methyl ethers are cleaved by hydriodic acid. However, the scale of the 
synthesis would have made the use of hydriodic acid expensive, so a cheaper alternative 
was sought. The use of a mixture of acetic acid and hydrobromic acid has been reported to 
cleave phenyl-methyl ethers97, and this was found to work well on the above compound. 
Conversion to the functionalised cyanate was carried out as before, and it was possible to 
achieve an overall yield of over 90% for the complete synthesis.
Using Hydroquinone mono-allvl ether
The direct synthesis of hydroquinone mono-alkyl ethers has been reported in two separate 
patents^98’" ) , and showed potential for a route which was simpler still if hydroquinone 
mono-allyl ether could be prepared.
Hydroquinone was reported to react with alcohols (in excess as solvent) to give its mono­
ether as the major product. The Japanese patent98 used phosphomolybdic acid as a 
catalyst, and although it claimed the synthesis of hydroquinone mono-allyl ether (14), the 
yield was too low (about 5%) to be of use. A later patent99 described the use of sulphuric 
acid as a catalyst for the same reaction.
O
Me— 0
O
. y— O— Me (13)
figure 2-14. Methoxy-terminated oligomer (13)
R OH
figure 2-15. Hydroquinone mono-ether preparation.
(14)
figure 2-16. Preparation of hydroquinone mono-allyl ether (14).
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Although no claim was made for hydroquinone mono-allyl ether, this compound was 
successfully prepared (in about 70% yield) using conditions originally used for 
hydroquinone mono-methyl ether.
Hydroquinone mono-allyl ether (14) could be readily condensed with 
bis(4-fluorophenyl)sulphone under the usual conditions to give allyloxy-terminated 
oligomer (10), thus simplifying the overall synthesis. Unfortunately, initial attempts to 
perform the same reaction with the cheaper bis(4-chlorophenyl)sulphone were 
unsuccessful. The conditions used (170°C for several hours) caused cleavage of the allyl 
ether groups. Priority was given to other areas of work and suitable conditions for this 
reaction were not further investigated.
2.3. Unsvmmetrical Propenvl Functionalised Cvanate Ester Oligomers
Two novel modifier resins were synthesised, each with a cyanate ester group at one end 
and a propenyl-phenoxy group at the other.
o
o — C = N
0
figure 2-17. Unsymmetrical propenyl cyanate oligomers.
These compounds were different from the symmetrical allyl-functionalised modifiers in 
two ways;
1) They offered an opportunity to vary the distance between the alkenyl and cyanate 
group. This might allow for a more flexible linkage between the bismaleimide and cyanate 
networks.
2) The alkenyl group was of the 2-propenyl type, rather than the less reactive allyl 
(1-propenyl).
The direct synthesis of these compounds in a reasonable purity has been possible by 
exploiting the stepwise reactivity of the two fluorine groups in bis(4-fiuorophenyl) 
sulphone. Substitution of one of the fluorine atoms by a phenoxide type group is believed
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to deactivate the second fluorine, by electron donation (nucleophilic aromatic substitution 
reactions are promoted by electron withdrawing substituents para to the leaving group). It 
was found that if one equivalent of a phenol derivative was added to bis(4- 
fluorophenyl)sulphone, in the presence of potassium carbonate at about 120°C, a greater 
proportion of the mono-adduct would be formed than that expected from a purely 
statistical distribution of products (assuming equal reactivity of both fluorine sites). The 
selectivity was reduced at higher temperatures, and the reaction very slow at lower 
temperatures. A similar effect was noted for methoxide and bis(4-fluorophenyl)-sulphone 
in the 1950's100, and for hydroxide ion and bis(4-chlorophenyl)sulphone by Johnson and 
Famham89 as a side reaction in their original work on Polyethersulphone synthesis. A more 
detailed study of substituent effects on reactivities of halides in this type of reaction was 
carried out by Rose et al.101.
As part of this work, a series of experiments have been carried out with model compounds 
to optimise the conditions for this synthesis (full details are given later in section 2.8.3.). 
The method used was by no means totally selective, in that significant quantitities of 
symmetrical dimers were produced (see figures 2-20 and 2-21). These dimers were not 
expected to cause any severe problems in the applications of the modifiers as they were 
capable of reacting with either the cyanate or bismaleimide monomers, to cause a slight 
lowering of cross link density in the cured resin. A more selective synthesis, for instance 
based on 4-fluorophenyl-4'-chlorophenyl sulphone, could be developed, but would not 
necessarily lead to a more effective modifier.
Outline of general methods
An example method is shown in figure 2-18. One equivalent of 2-allyl phenol and 
bis(4-fluorophenyl)sulphone were dissolved in DMAC, in the presence of potassium 
carbonate. The mixture was heated at 110°C for 18 hours, then at 120°C for 4 hours. After 
cooling, hydroquinone mono-THP ether potassium salt (8) was added (together with extra 
potassium carbonate), excess water removed by azeotrope (toluene), and the mixture 
heated at 140°C for 6 hours before work-up.
At this stage there were no unprotected phenolic -OH groups to react with base, so the 
residual potassium carbonate was sufficient to catalyse the isomerisation of the allyl side 
chains (from 2-allyl phenol) to propenyl moieties.
After hydrolysis of the -IHP groups, the resulting hydroxy-terminated product (18) was 
cyanated to give the required product (15).
The bisphenol-A based compound (16) was made using a similar method, with a few 
minor differences:
Bis(4-chlorophenyl)sulphone was used rather than bis(4-fluorophenyl)sulphone, because it 
is much cheaper. However, the reduced reactivity of the chloro derivative required a 
reaction temperature of 160°C. At this temperature the propenyl side chains on the
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product were also slowly attacked so it was necessary to minimise the amount of time that 
the reaction mixture was kept at 160°C, after addition of the 2-allyl phenol. The 2-allyl 
phenol was therefore added last, the addition of the bisphenol-A THP derivative (4) being 
the first step.
/ /  \\ OH + / /  \
O
\  //
o
potassium carbonate 
DMAC
130°C
DMAC
150°C
methanol, TsOH
cyanogen bromide,
acetone,
triethylamine
O— C = N  (15)
figure 2-18. Preparation of unsymmetrical oligomer (15).
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^ > K > V o
DMAC, 160 C
OH Cl
potassium carbonate, 
DMAC,
160°C
methanol, TsOH
cyanogen bromide,
acetone,
triethylamine
(19)
(20)
0 - C = N  (16)
figure 2-19. Synthesis of bisphenol-A based unsymmetrical oligomer (16).
figure 2-20. Side products in the hydroquinone based system.
(21)
O
O
figure 2-21. Side products in the bisphenol-A based system.
The ratios of the different compounds present in the products were measured by HPLC 
Ultra-Violet (UV) detection (at 270nm) was used, with the raw integrals for each peak 
being corrected for relative UV adsorbance. In all cases a small sample of each of the 
compounds present was isolated (either by separation from a mixture by column 
chromatography or synthesised directly). This allowed positive identification, and the 
measurement of the UV spectrum and hence determination of the relative adsorbance.
Relative amounts of compounds present, corrected for UV adsorbance. 
Table 2-1. Hydroquinone based system(15)______________________
%  m o d if ie r  (15) %  p r o p e n y l  o l ig o m e r  (21 ) %  c y a n a te  (22 )
6 2 21 17
Table 2-2. Bisphenol-A based system (16)
%  m o d if ie r  (16) %  p r o p e n y l  o l ig o m e r  (21 ) %  c y a n a te  (23)
63 27 10
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2.3.1. Determination of Reaction Conditions (Model Compound Studies)
The temperature chosen for these syntheses could affect the ratios of the different 
compounds present. As the reactivity difference between the two halogens in 
bis(4-halophenyl)sulphone derivatives is not very great, use of a lower temperature might 
give better selectivity. A series of experiments was carried out on a model system to 
identify the optimum temperature.
Bisf 4-fluorophenvPsulphone /2-allvl phenol.
One equivalent of 2-allyl phenol was added to bis(4-fluorophenyl)sulphone at a range of 
temperatures from 100°C to 160°C. The reactions were carried using standard conditions, 
in solution in DMAC with potassium carbonate base. It was originally thought that the 
following compounds (figure 2-22) would be present in the product, assuming complete 
reaction of the 2-allyl phenol.
F
O
r ^ > i O ° - v D
O
/ /  o  
o
figure 2-22. Expected products from the 2-allyl phenol/ 
bis(4-fluorophenyl)sulphone 1:1 adduct
Initial NMR data suggested that the allyl side chains had partially isomerised to propenyl, 
with the isomerisation being complete at reaction temperatures of 130°C and above. As 
the different compounds had some functional groups in common, NMR integrals could not 
be used to determine the relative amounts present. HPLC was used to try to separate the 
different compounds - unfortunately all three had very similar retention times in a variety 
of solvents. To overcome these problems, the experiment was modified to give products 
which could be separated.
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Bisf4-fluorophenv0sulphone /4-methoxvphenol /2-allvl phenol study.
One equivalent of 4-methoxy phenol was added to bis(4-fluorophenyl)sulphone in solution 
in DMAC with potassium carbonate. After approximately 4 hours, 2-allyl phenol was 
added. A range of temperatures from 100°C to 160°C were used for the first part of the 
reaction. For the second step, a temperature of at least 140°C was used (or the same 
temperature as the first step, whichever was higher), to ensure complete isomerisation of 
the allyl groups. This would reduce the number of different isomers present in the product.
OH +
= /  \ =
potassium carbonate, 
DMAC,
100 to 160°C
CH3-O OH+
potassium carbonate, 
DMAC,
140 to 160°C
O
(24)
figure 2-23. Model compound reaction scheme.
HPLC was used to measure the relative amounts of different species present. The method 
was reasonably successful on the experiments carried out up to 140°C. At higher 
temperatures the integrals obtained were increasingly inconsistent with those expected, 
based on the synthetic steps used.
The amounts of compounds (21) and (13) should be approximately the same, and this 
turned out to be the case at lower temperatures. At higher temperatures a much higher 
amount of compound (13) appeared to be present (from HPLC data). The maximum 
amount expected would be 25%. However NMR data suggested that a side-reaction 
(possible substitution of fluorine for -OH) was occurring, and it was probably this side- 
product which was causing the high HPLC integrals. In addition the yield was lower at
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higher temperatures, meaning the extracted product did not necessarily contain the same 
species in the same quantities as that present in the reaction mixture (NMR data showed 
the ratio of propenyl groups to methyl groups was about 0.8 to 1 in the 160°C run, 
compared with 1 to 1 for temperatures up to 130°C).
The side products could not easily be positively identified, and no further work was done 
in this area.
Table 2-3. Products from model reactions
T em p era tu re
°C
Y ie ld  (g) 
(2 4 .2 1 & 1 3 )
Y ie ld  (%) % ( 2 4 ) %  (21) % ( 1 3 )
100 3.91 83 59 23 18
110 4.03 86 68 16 16
120 4.10 87 64 19 17
130 4.30 91 66 12 22
140 2.26 48 65 10 25
150 3.53 75 63 9 28
160 3.24 69 50 7 43
It was decided that 130°C was the optimum temperature for the reaction, and this was 
used for the synthesis of the resins (15) and (16). The synthesis of resins was typically 
carried out on a 50g to 250g scale compared to less than 5g for the model compounds. 
This would allow the efficient use of a Dean-Stark trap to remove water, and thus help 
prevent side reactions.
Where bis(4-chlorophenyl)sulphone was used, choice of temperature was less of a 
problem. It was necessary to use a reaction temperature of 160°C, as the reaction was too 
slow at lower temperatures, and a different solvent system would have been needed for 
much higher temperatures.
Error Estimation
For quantitative measurements such as these, some consideration of possible errors must 
be made. The possible sources of error are:-
1) The HPLC measurements and integral calculation. In all cases the different components 
were completely separated. Measurements were carried out twice and were generally 
within +/- 1% of each other.
2) Preparation of standards for UV absorbance determination. Sample weights were 
approximately lOmg and a four figure balance, weighing to the nearest O.lmg was used. 
The estimated error in internal standard preparation is +/-1%.
3) Extraction of product. In these systems the crude product contained three major 
components. In order to determine their relative concentrations, it was necessary to 
extract all three with the same efficiency. The only measure of the efficiency of the
50
extraction was the overall percentage yield. In high yielding reactions (about 85% or 
higher), it was assumed that all components were extracted efficiently. In lower yielding 
reactions it was possible that one or more of the components was extracted more 
efficiently than the others. It is not possible to quantify this error.
4) The accuracy of the wavelength calibration of the UV detector was unknown.
An estimation of the percentage error in the measurements is therefore difficult, and this 
must be borne in mind when considering the results. However it is still possible to 
conclude that the unsymmetrical compounds, which were the desired products, constituted 
significantly more than 50% of the overall product in most cases.
2.4. Attempts to Isomerise Allvl Functional Groups to Propenyl
The reasons for trying to incorporate 2-propenyl side chains into the cyanate ester resins 
(in preference to allyl or 1-propenyl) side chains are discussed in section 1-6 .
Unfortunately attempts to incorporate propenyl side chains onto the difunctional oligomers 
(by isomerisation of hydroxy terminated allyl compounds such as (3) and (11) were 
unsuccessful. The method used to prepare di-propenyl bisphenol-A (used in work by 
Stedman8(j)was to dissolve di-allyl bisphenol-A in saturated methanolic potassium 
hydroxide solution, and to heat to about 110°C (see figure 2-24).
HO OH
potassium hydroxide, 
methanol,
110°C
(trans 80% : cis 20%)
figure 2-24. Isomerisation of di-allyl bisphenol-A (Stedman80).
When these conditions were applied to the oligomeric sulphones, initial NMR data 
suggested that the reaction had been successful (the allyl to propenyl isomerisation was 
complete). Subsequent GPC analysis (in comparison with the allyl oligomer) showed only 
low molecular weight species.
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The reaction conditions were very harsh, and when applied to the oligomeric allyl 
sulphones, appeared to have lead to cleavage of the phenyl-phenyl ether linkages. A similar 
phenomenon was noted by Famham et.al.89 in conventional polyethersulphones. Potassium 
carbonate in DMAC was tried instead, but gave a similar result. The problem would 
appear to be that a large amount of base was required to facilitate the isomerisation 
(2 mols were required to first deprotonate the -OH end groups), and the combination of a 
high concentration of base and high temperatures lead to degradation of the product. 
Protecting the end groups would be a possible solution, but would add extra steps to the 
synthesis, making it less suitable for the large scale applications at which these resins are 
aimed.
HO OH
o
(3)
HO
identified product
potassium hydroxide, 
methanol, 110°C
probable product
OH
figure 2-25. Attempted isomerisation of 6-ring allyl sulphone (3).
2.5. Other Attempts to Synthesise Fimctionalised Oligomers
2.5.1. Mono-Allyl bisphenol-A (MABA) and Bis(4-chlorophenvDsuIphone
It was decided to investigate whether the -OH of the unfunctionalised end of MABA (25) 
(figure 2-26) would be more reactive than the -OH of the allyl fimctionalised end, based 
on observations made in an undergraduate project102 (difficulty was experienced in making 
polyethersulphones from di-allyl bisphenol-A and bis(4-chlorophenyl)sulphone, whereas 
the reaction with unfunctionalised bisphenol-A is well characterised87). Two equivalents of 
MABA (25) were condensed with bis(4-chlorophenyl)sulphone, under standard conditions 
(DMAC solvent, potassium carbonate base, 160°C / 16 hours).
After isolation of the product it became clear that a distribution of molecular weights was 
present, which was only possible if both ends of MABA (25) had reacted. Some difference 
in reactivity may have been present, but it could not be assessed and in any case was not 
enough to control the reaction sufficiently.
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A similar result was obtained with mono propenyl bisphenol-A (26)(MPBA, from 
isomerisation of (25)).
HO OH HO OH
(25) (26)
figure 2-26. Mono-allyl bisphenol-A (25) and mono-propenyl bisphenol-A (26)
Gel Permeation Chromatography (GPC) is probably the commonest method used to 
measure molecular weight distributions. Unfortunately this technique was not available 
in-house when this work was carried out. Qualitative GPC measurements were carried out 
at a later date - by this time samples of the required resins had been obtained by the 
methods described earlier. In both cases (MABA (25) and MPBA (26)), the major 
component was one with a molecular weight of approximately 700, with smaller amounts 
of higher molecular weight oligomers. All traces of MABA (25) and MPBA (26) had been 
successfully removed by washing with base during work-up.
This technique offered a method of synthesising fimctionalised oligomers via a shortened 
route. By the time analytical data could be obtained, the required compound (6), 6rOCN, 
had been prepared using the route described earlier.
This method still has potential however, in larger scale preparations where the lower 
number of synthetic steps would be an advantage.
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Experimental Detail
2.6. General
Work-up procedures
Multiple portions of solvent were used (exact amount stated) to extract products, and 
common washes (water, brine etc.) were used for each of the fractions, in order to 
maximise yields. Reference to drying of an organic solution means that the solution was 
dried over magnesium sulphate, unless a different drying agent is stated.
For most reactions starting materials were used as supplied, and in general solvents did not 
require drying. The only exception was the cyanation reaction, where triethylamine was 
distilled prior to use, and the acetone solvent distilled and stored over molecular sieves.
Abbreviations
Ether refers to diethyl ether unless otherwise stated 
TLC- Thin Layer Chromatography 
NMR-Nuclear Magnetic Resonance 
THP- Tetrahydropyranyl (ether)
DMAC-A,JV’-Dimethylacetamide
HPLC-High Performance Liquid Chromatography
Nuclear Magnetic Resonance fNMR) Spectroscopy
Spectra (carbon-13 and proton) were recorded on a Briiker AC300 machine operating at 
approximately 300MHz for proton spectra and 75MHz for carbon. Shifts are quoted from 
tetramethylsilane internal standard.
Abbreviations for NMR summary :
Proton spectra: 
s-singlet 
d-doublet 
t-triplet 
q-quartet
m-multiplet (not resolved or due to more than one signal)
Carbon spectra and DEPT (Distortionless Enhancement by Polarisation Transfer):
-CH3 primary carbon (i.e. methyl group)
-CHs- secondary carbon 
-CH- tertiary carbon 
-C- quaternary carbon
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Infra Red (HO Spectroscopy
Spectra were recorded on a Perkin-Elmer System 2000 machine, with samples prepared as 
a nujol-mull on sodium chloride plates.
Melting Points
Uncorrected melting points were measured using an aluminium block apparatus with a 
mercury thermometer.
Elemental Analyses (Microanalvsis)
Analyses were carried out on a Leeman Laboratories 440 elemental analyser.
2.7. Symmetrical Allvl Fimctionalised Oligomers
2.7.1. Synthesis of Modifier (6L(6rOCN)
Monotetrahvdropvranvl ether salt of bisphenol-A (4)
(see fig 2-6)
Bisphenol-A (50.0g, 219mmol) and 4-toluenesulphonic acid (0.25g, catalytic) were 
dissolved in diethyl ether (300ml) in a 1 litre conical flask. 3,4-Dihydro-[2H]-pyran 
(18.42g, 219mmol) was added dropwise to the stirred solution, over about 1 hour and the 
resulting solution was stirred overnight at room temperature. The solution was then 
shaken with sodium hydroxide solution (200ml, 3M), to give a white precipitate. This was 
filtered and slurried with a mixture of diethyl ether (150ml) and sodium hydroxide solution 
(3M, 150ml). The precipitate was re-filtered and dried under vacuum.
Crude yield=29.3g (87.7mmol, 40.1%)
The product was identified by NMR, which confirmed that no residual bisphenol-A 
di-sodium salt or bisphenol-A di-tetrahydropyranyl ether were present. Microanalysis 
suggested that small amounts of impurity not detectable by NMR (probably water and 
sodium hydroxide) were present. This compound was not further purified.
2-f4-HvdroxvphenvB-2-f4-allvloxvphenvl) propane (1) (Bisphenol-A mono-allvl ether)
A 250ml 3-necked round bottomed flask equipped with magnetic stirrer bar, thermometer, 
reflux condenser and dropping funnel was charged with mono-tetrahydropyranyl ether of 
bisphenol-A, sodium salt (4) (7.69g, 23.0 mmol). This was dissolved in methanol (100ml), 
and the mixture heated to about 60°C. Allyl bromide (2.79g, 23.0 mmol) was added 
dropwise and the mixture heated to reflux overnight. TLC and NMR analysis of the 
reaction mixture indicated that the product was bisphenol-A mono allyl ether (1) rather
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than its mixed -THP / allyl ether (5) which had originally been expected. The pH of the 
reaction mixture was checked at this point, and found to be about 2  (hence the hydrolysis 
of the THP groups).
The solvent was removed by rotary evaporation and the crude product dissolved in diethyl 
ether (50ml). Inorganic impurities were removed by washing with water. The ethereal 
solution was dried and the solvent removed to give a colourless oily liquid.
Yield = 4.82g (18.0mmol, 78.2%)
2HNMR (CDC13) 8 : 1.65 (s, 6H), 4.50 (d, 2H), 4.58 (s, 1H), 5.25-5.45 (m, 2H), 6.0-6.15 
(m, 1H), 6.7-7.15 (2x AB quartet, 8H)
13C NMR and DEPT (CDC13) 8 : 30.99 (-CH3), 41.61(-C-), 68.84 (-CIV),
114.06 (-CH-), 114.68 (-CH-), 117.62 (-CEV), 127.66 (-CH-), 127.86 (-CH-),
133.38 (-C-), 143.15 (-C-), 143.43 (-C-), 153.22 (-C-), 156.29 (-C-)
Microanalysis 
Found C: 80.2%, H:7.5%
Expected for C18H20O2 : C: 80.6%, H: 7.5%
Di-allvl ether of 6 ring sulphone (2)
(see figure 2-4)
A 500ml 3-necked round bottomed flask fitted with a Dean-Stark trap , thermometer and 
dropping funnel was charged with bisphenol-A mono-allyl ether (l),(53.6g, 200mmol) and 
potassium carbonate (41.4g, 200mmol). DMAC (200ml) and toluene (100ml) were added 
and the mixture heated to about 120°C. When no more water was being collected in the 
Dean-Stark trap, bis-(4-fluorophenyl)sulphone (25.4g, lOOmmol) in DMAC (50ml) was 
added, and the mixture heated to about 140°C for 4 hours (some of the toluene was 
removed from the Dean-Stark trap to allow the reflux temperature to rise). The reaction 
mixture was allowed to cool, and the product extracted into diethyl ether (2x200ml) and 
washed with dilute sodium hydroxide solution (200ml, 5%) then water (2x200ml).
The solution was dried and the solvent removed by rotary evaporation to give a light 
brown glassy solid.
Crude yield = 70g (expected 75g for 100%)
NMR analysis indicated that the reaction had gone to completion, that the product was the 
one required, and that there was some residual DMAC. The excess DMAC was not 
removed at this stage, as the conditions required for the next step would conveniently 
remove it.
A small amount was purified by column chromatography (silica column, 
ether/dichloromethane/hexane 1:4:6 eluent) to give a white solid.
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NMR (CDCI3) 6 : 1.65 (s, 12H), 4.50-4.55 (d, J=7Hz, 4H), 5.25-5.45 (m, 4H), 
5.95-6.15 (m, 2H), 6.80-6.85 (d, J=10Hz, 4H), 6.85-6.95 (d, J=10Hz, 4H), 6.95-7.00 
(d, J=10Hz, 4H), 7.10-7.15 (d, J=10Hz, 4H), 7.20-7.25 (d, J=10Hz, 4H), 7.80-7.85 
(d, J=10Hz, 4H)
13C NMR and DEPT (CDC13) 6 : 31.5 (-CH3), 42.0 (-C-), 68.5 (-CIV), 114.0 (-CH-),
117.0 (-CHj-X 117.5 (-CH-), 119.5 (-CH-), 127.5 (-CH-), 128.5 (-CH-), 129.5 (-CH-),
133.0 (-C-), 135.0 (-C-), 142.5 (-C-), 147.5 (-C-), 152.5 (-C-), 156.5 (-C-), 162.0 (-C-)
Microanalysis
Found 0.16.9%, H:6.3%, N:0.0%
Expected for C48H460 6S5 C:76.8%, H:6.2%, N:0.0%
Melting point =58-60°C
Allvl-functionalised 6 ring sulphone oligomer, hvdroxv terminated (3)
(see figure 2-4)
Oligomer (2) (70.Og, crude) was heated to 200°C under nitrogen for 12 hours.
Yield =63. Og (84.0mmol)
NMR analysis confirmed that the Claisen rearrangement was complete, with no side- 
reactions. The residual DMAC had been removed, giving an overall yield of 84.0% for the 
last two steps.
For analysis purposes the reaction was carried out on a sample of purified starting 
material.
!HNMR ((CD3)2CO), 8 : 1.65 (s, 12H), 3.30-3.35 (d, J=7Hz, 4H), 4.90-5.10 (m, 4H),
5.90-6.10 (m, J=15Hz and 7Hz, 2H), 6.70-7.10 (m, 16H), 7.30-7.35 (d, J=10Hz, 4H),
7.90-7.95 (d, J=10Hz, 4H).
13C NMR and DEPT((CD3)2CO), 8 : 31.31 (-CH3), 35.06 (-CH^-), 42.54 (-C-), 115.20 
(2 peaks, -CH- and -CIV, DEPT confirms), 118.30 (-CH-), 120.53 (-CH-), 126.22 
(-CH-), 126.32 (-C-), 129.07 (-CH-), 129.35 (-CH-), 130.67 (-CH-), 136.78 (-CH-), 
138.17 (-C-), 142.08 (-C-), 149.12 (-C-), 153.43 (-C-), 153.53 (-C-), 163.00 (-C-).
Microanalysis
Found 076.6%, H:6 .1%, N:0.0%
Expected for C^H^OgS, C:76.8%, H:6.2%, N:0.0%
Melting point = 92-95°C
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Di-cvanate of 6 ring oligomer (6) (6rOCN)
(figure 2-8)
A 1 litre round bottomed flask equipped with a thermometer (-80°C to 30°C), a magnetic 
stirrer bar and a dropping funnel was charged with hydroxy-terminated oligomer (3)
(48.5g, 72.9mmol) and cyanogen bromide (16.2g, 153mmol). The reactants were 
dissolved in acetone (250ml), with stirring, and the solution cooled to -10°C in an ice / salt 
bath. Triethylamine (15.5g, 153mmol) was added dropwise, such that the temperature of 
the reaction mixture was kept between -10°C and -5°C. A white precipitate was seen to 
form as the reaction proceeded. After addition of the triethylamine, the reaction mixture 
was stirred for a further 2 hours, without cooling, then poured onto ice (lOOOg).
The product was extracted into dichloromethane (200ml + 100ml) and washed with water 
(2x100ml). The solution was dried and the solvent removed by rotary evaporation.
Yield (crude)= 51. 5g
NMR analysis showed traces of an impurity, probably diethylcyanamide.
This was removed by heating the crude product to approximately 100°C under vacuum, in 
aKugelrohr, for 1 hour. The residual weight was 50.5g (63.1 mmol, 86 .6%).
NMR analysis, by comparison with that of the compound (3), showed that the cyanation 
had gone to completion, with no detectable hydroxy-terminated oligomer (trace amounts 
would be expected, below the limits of detection by NMR).
HPLC backed up the NMR analysis, showing only traces of impurity.
A small amount was purified by chromatography (silica column 
ether/dichloromethane/hexane 1:3:4 eluent) for microanalysis and DSC studies.
!HNMR (CDC13) 5: 1.65 (2 ,12H), 3.35-3.40 (d, J=7Hz, 4H), 4.95-5.15 (m, 4H), 
5.80-6.00 (m, J=7Hz and 15Hz, 2H), 6.90-7.40 (m, 18H), 7.85-7.90 (d, J=10Hz, 4H)
13CNMR(CDC13) 6 : 30.77 (-CH3), 33.63 (-CHj-), 42.44 (-C-), 109.08 (-C-), 114.28 
(-CIV), 116.83 (-CH-), 117.60 (-CH-), 119.83 (-CH-), 126.64 (-CH-), 127.67 (-C-), 
128.30 (-CH-), 129.63 (-CH-), 129.68 (-CH-), 134.71 (-CH-), 135.37 (-C-), 146.59 (-C-),
149.24 (-C-), 149.42 (-C-), 152.88 (-C-), 161.85 (-C-)
Microanalysis
Found C: 74.6%, H:5.7%, N:3.3%
Expected for Q o H ^ N ^ S  C:75.0%, H:5.5%, N:3.5%
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The Infra Red spectrum gave a peak at 2251cm-1, characteristic of the cyanate C=N 
stretch.
Melting point = 88-92°C
2.7.2. Synthesis of Modifier (12) (4rOCN)
Hydroquinone monotetrahvdropvranvl ether, potassium salt (81 
(see figure 2- 11)
Hydroquinone (55.0g, 500mmol) and 4-toluenesulphonic acid were dissolved in ether 
600ml), in a 1 litre conical flask. 3,4-Dihydro-[2H]-pyran (42.0g, 500mmol) was added 
dropwise to the stirred solution, and the reactants stirred overnight at room temperature. 
The resulting solution was washed with dilute potassium carbonate solution (5%, 200ml), 
then water (200ml). It was dried over potassium carbonate and the solvent removed by 
rotary evaporation (at room temperature, as heating tends to cleave the THP groups). The 
crude product was stirred with toluene (200ml), in which the residual hydroquinone is 
virtually insoluble. The solution was filtered, and residual hydroquinone removed by 
washing with hot (80°C) water (3x200ml).
The product was isolated from hydroquinone di-THP ether by extraction into aqueous 
potassium hydroxide solution (lOg in 200ml water followed by 4g in 100ml). The water 
was removed by rotary evaporation, and the product dried under vacuum at 100°C. NMR 
analysis showed that (7) was the only organic compound present. Microanalysis suggested 
that the crude material contained 90% by weight of the required product, with some 
inorganic impurities.
Crude yield=43.9g (34%)
THP capped oligomer (9)
(see figure 2 -12)
A 500ml 3-necked round bottomed flask equipped with a Dean-Stark trap, thermometer, 
dropping funnel and magnetic stirrer bar was charged with hydroquinone-THP ether salt 
(8) (90.6g, 347mmol) and potassium carbonate (20g). These were dissolved in a mixture 
of DMAC (200ml) and toluene (100ml), and the mixture was heated to allow removal of 
water. When no more water was being given off (after about 3 hours), bis-(4- 
chlorophenyl)sulphone (43.Og, 150 mmol) in solution in DMAC was added. The reaction 
mixture was then boiled under reflux, with toluene being removed to allow the reflux 
temperature to reach about 160°C. It was stirred at this temperature overnight.
The product was extracted into toluene (2x150ml) and washed with dilute potassium 
carbonate solution (10%, 100ml) followed by water (2x150ml). The solution was dried 
and concentrated. The product was isolated by re-precipitation into an ether/hexane
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mixture. This gave two components - a suspension (found to contain the product) and an 
oil (found to contain some product and a lot of impurities). The suspension was quickly 
decanted and the product isolated by filtration.
Yield = 69.Og (121mmol, 80.7%)
NMR (CDC13) 5 :1.60-2.10 (m, 12H), 3.60-3.65 (m, 2H), 3.85-4.0 (2xd, J=7Hz and 
3Hz, 2H) , 5.35-5.40 (t, J=3Hz, 2H), 6.90-7.10 (m, 12H), 7.80-7.90 (d, J=9Hz, 4H)
13C NMR and DEPT (CDC13) 5: 18.79 (-CH^-), 25.15 (-CH^), 38.36 (-CK^-), 62.16 
(-CH*-), 96.86 (-CH-), 117.00(-CH-), 117.90 (-CH-), 121.57 (-CH-), 129.62 (-CH-),
135.05 (-C-), 146.76 (-C-), 154.38 (-C-), 162.65 (-C-)
Microanalysis
Found C: 67.7% , H: 5.8%
require for C34H3408S : C:67.8% , H:5.7%
Melting point = 121°C
4 ring hvdroxv terminated oligomer (7)
(see figure 2-12)
THP capped oligomer (8), (6 8 .Og, 113mmol) was dissolved in methanol (250ml) in a 
500ml round-bottomed flask, fitted with magnetic stirrer and reflux condenser. 
4-Toluenesulphonic acid (2g) was added and the mixture boiled under reflux for 12 hours. 
The solution was then concentrated to about one half of its original volume, and the 
product extracted into ether (2x150ml), and washed with water (2x150ml). The solution 
was dried and the solvent removed by rotary evaporation.
Yield = 32.9g (75.8mmol,67.1%)
!H NMR (CD3OD), 5 : 6.80-6.95 (AB quartet 8H), 6.95-7.00 and 7.80-7.90 (AB 
quartet, 8H)
13C NMR and DEPT (CD3OD), 5 : 117.50 (-CH-), 117.84 (-CH-), 122.68 (-CH-), 130.72 
(-CH-), 136.05 (-C-), 148.36 (-C-), 156.10 (-C-), 164.58 (-C-)
Microanalysis
Found C:66.3%, H:4.1%
require for C24Hlg0 6S C:66.4%, H:4.2%
Melting point = 176°C
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Di-allyl ether of 4 ring oligomerf 10)
(see figure 2-13)
A 500ml round bottomed flask equipped with reflux condenser, thermometer magnetic 
stirrer bar and dropping funnel was charged with hydroxy terminated oligomer (7),
(31.8g, 73.3mmol) , potassium carbonate (22.0g, 160mmol) and methanol (150ml). The 
mixture was heated to about 60°C and allyl bromide (19.4g, 160mmol) was added 
dropwise. The reaction mixture was boiled under reflux overnight, then allowed to cool to 
room temperature.
The product was extracted into ethyl acetate (2x100ml) and washed with water 
(2x100ml). The solution was dried and the solvent removed by rotary evaporation.
Yield=31.0g (60.3mmol, 82.3%)
!HNMR (CDC13) 6 : 4.55-4.60 (d, J=6Hz, 4H), 5.25-5.30 (d, J=10Hz, 2H) 5.40-5.50 
(d, J=15Hz, 2H), 5.95-6.15 (m, 2H), 6.85-7.00 (12H), 7.80-7.85 (d, J=10Hz, 4H)
13C NMR and DEPT (CDC13) 5: 69.25 (-CH^), 116.03 (-CH-), 116.91 (-CH-), 117.91 
(-CHj-), 121.72 (-CH-), 129.63 (-CH-), 133.01 (-CH-), 134.99 (-C-), 148.11 (-C-),
155.91 (-C-), 162.71 (-C-)
Microanalysis
Found C:69.9%, H:5.1%, N:0.0%
Expected for C30H26O6S: C:70.0%, H:5.1%, N:0.0%
Melting point = 94-96°C
Hvdroxv terminated allyl fimctionalised oligomer (11)
(see figure 2-13)
Di-allyl ether (10) (31.0g, 60.3mmol) was dissolved in trichlorobenzene (100ml), in a 
250ml round bottomed flask equipped with reflux condenser. The solution was boiled 
under reflux overnight, then allowed to cool to room temperature. This reaction would 
normally be carried out without solvent, under nitrogen. However the equipment 
necessary to regulate the temperature (at 200°C) was being used for another purpose at 
the time. The trichlorobenzene served only to control the temperature. Toluene (50ml) and 
petroleum ether (b.p. 100-120°C, 50ml) were added to the solution, causing the product to 
separate out as an oil. The excess solvent was decanted and the product dried at 160°C 
under vacuum for 2 hours.
Yield= 28g (90%)
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XH NMR (CDCI3) 6 : 3.35-3.40 (d, J=7Hz, 4H), 4.95-5.15 (m, 4H), 5.90-6.10 (m, 2H), 
6.75-6.95 (m, 6H), 7.00-7.10 (d, J=10Hz, 4H), 7.85-7.95 (d, J=10Hz, 4H)
13C NMR and DEPT (CDC13) 6 : 34.63 (-CHj-), 115.99 (-CH*-), 116.78 (-CH-), 117.38 
(-CH-), 120.20 (-CH-), 123.01 (-CH-), 129.29 (-CH-), 130.48 (-CH-), 136.17 (-C-),
137.24 (-CH-), 147.80 (-C-), 153.14 (-C-), 163.66 (-C-)
Microanalysis
Found: C:69.9%, H:5.0%, N:0.0%
Expected for C30H26O6S : C:70.0%, H:5.1%, N:0.0%
Melting point 68-70°C
4-ring cvanate (12) (4rOCN)
(see figure 2-13)
A 500ml 3-necked round bottomed flask equipped with thermometer, dropping funnel and 
magnetic stirrer bar was charged with compound (11) (27.5g, 53.4mmol) and cyanogen 
bromide (11.3g, 107mmol). The reactants were dissolved in acetone (200ml) and the 
solution cooled to -5°C in an ice/salt bath. Triethylamine (10.8g, 107mmol) was added 
dropwise to the stirred solution, at a rate such that the reaction mixture was maintained at 
approximately -5°C. The formation of a yellow precipitate was noted. After addition of the 
triethylamine was complete, the reaction mixture was allowed to warm to room 
temperature.
The reaction mixture was poured into a separating funnel: any residues in the reaction 
vessel were washed into the separating funnel with dichloromethane (2x100ml, which was 
used to extract the product). The resulting mixture was washed with water (2x150ml) to 
remove triethylamine hydrobromide. The organic layers were combined, dried, and the 
solvent removed by rotary evaporation to give the crude product.
Yield = 28.Og (49.6mmol, 92.8%)
*HNMR ((CD3)2CO), 8 : 3.5-3.55 (d, J=7Hz, 4H), 5.05-5.20 (m, 4H), 5.90-6.05 (m, 2H), 
7.10-7.25 (m, 8H), 7.60-7.65 (d, J=10Hz, 2H), 8.00-8.05 (d, J=10Hz, 4H)
13C NMR and DEPT (CDC13) 8 : 34.0 (-CI^-) , 109.0 (-C-), 116.5 (-CH-), 118.0 (-CH-),
119.5 (-CH-), 123.0 (-CH-), 130.0 (-CH-), 131.0 (-C-), 133.5 (-CH-), 136.5 (-C-), 147.5 
(-C-), 153.0 (-C-), 162.0 (-C-) (13C/ XH correlation showed that peak at 118ppm 
correlated with two sets of proton signals- those at about 5ppm and those at about 7ppm. 
This explains the "missing" carbon signal).
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Microanalysis
Found : C: 67.6%, H: 4.2%, N: 4.8%
Expected for C32H24N20 6S : C: 68.0%, H:4.3%, N: 5.0%
Melting point = 66-68°C
The Infra Red spectrum gave a characteristic cyanate peak at 2258cm-1.
Methoxv terminated oligomer 113)
(see figure 2-14)
A 2 litre round bottomed flask, equipped with a magnetic stirrer bar and air condenser was 
charged with 4-methoxy-hydroquinone (248g, 2.00 mol), bis(4-chlorophenyl)sulphone 
(287g, 1.00 mol) and potassium carbonate (300g, 2.17 mol). DMAC (600ml) was added 
and the mixture boiled under reflux, with stirring, for 16 hours.
After the reaction mixture had been allowed to cool to room temperature, water (500ml) 
was added and the product was extracted with dichloromethane (lxllitre and 1x500ml) 
and washed with water (2xlitre). The dichloromethane layers were combined, dried over 
magnesium sulphate and the solvent was removed by rotary evaporation.
Yield= 413g (89.4mmol, 89.4%)
!HNMR (CDC13) 6 : 3.80 (s, 6H), 6.90-7.05 (m, 12H), 7.80-7.90 (d, J=10Hz, 4H)
13C NMR (CDCI3) and DEPT 8 : 55.59 (-CH3), 115.11 (-CH-), 116.62 (-CH-), 121.71 
(-CH-), 129.57 (-CH-), 134.92 (-C-), 147.93 (-C-), 156.66 (-C-), 162.71 (-C-).
Microanalysis
Found C 67.4%, H 4.7%, N:0.0%
Expected for C^H^OgS : C 67.5%, H 4.8%, N:0.0%
Melting point = 94-96°C
Hvdroxv terminated oligomer (1) from compound (13)
A 2 litre, 3-necked, round bottomed flask fitted with mechanical stirrer and reflux 
condenser was charged with compound (13), 230g ( 498mmol), acetic acid (1000ml) and 
hydrobromic acid (48% aqueous, 500ml).
The mixture was stirred under reflux overnight, to give a light brown clear solution.
After cooling, the solution was poured into water (1000ml) with stirring, to give a white 
precipitate. The precipitate was isolated by filtration and washed with water (500ml), then 
dried by heating to 80°C under vacuum.
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Yield= 204g (470mmol, 94.4%)
The product was compared to that prepared by the earlier route, and found to be identical.
4-allvloxv phenol (14) (Hydroquinone mono-allvl ether)
(see figure 2-16)
Hydroquinone (9.00g, 81.8 mmol) and 1,4-benzoquinone (l.OOg, 9.30mmol) were 
dissolved in allyl alcohol (50ml). Sulphuric acid (18g, 180mmol) was added, and the 
solution was stirred overnight at room temperature.
The acid was neutralised carefully with sodium hydroxide (approx 8g, 200mmol) and the 
product was extracted into diethyl ether (2x75ml) and washed with water (2x100ml).
The extracts were dried, combined, and the solvent removed by rotary evaporation to give 
an oily black liquid.
Crude yield = 11.9g
The product was purified by vacuum distillation, to give a colourless liquid which 
crystallised on standing at room temperature. Boiling point = 80°C / 0.09 mm Hg.
Yield = 7.56 g (50.4mmol, 61.6%)
!H NMR analysis showed traces of unreacted hydroquinone in the distillate. This was 
removed by dissolving the hydroquinone mono-allyl ether in toluene (50ml) and washing 
with hot (70°C) water (2x50ml).
The reaction was scaled-up without any major problems. Care was necessary over the 
addition of sodium hydroxide to the acidic solution - the reaction is very exothermic and 
must be carried out slowly. Work-up was later improved by using toluene for the initial 
extraction and removing unreacted hydroquinone (with hot water wash) at this stage, prior 
to distillation. Yields in excess of 70% could routinely be obtained.
*H NMR (CDC13) 6 : 4.45-4.50 (d, J=7Hz, 2H), 5.25-5.50 (m, 3H), 5.95-6.10 (m, 1H), 
6.60-6.75 (AB quartet, 4H)
13C NMR and DEPT (CDC13) 6 : 69.67 (-CH^), 115.96 (-CH-), 116.04 (-CH-), 117.71 
(-CELj-), 133.37 (-CH-), 149.55 (-C-), 152.53 (-C-)
Microanalysis
Found C 91.9%, H 6.7%
Expected for C9H10O2: C 72.0%, H 6.7%
Melting point = 32°C
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Di-allvl ether of 4 ring oligomer (10) from hydroquinone mono-allvl ether(14)
A 125ml round bottomed flask equipped with air condenser and magnetic stirrer bar was 
charged with hydroquinone mono-allyl ether (14) (2.3 5g, 15.7 mmol), 
bis(4-fluorophenyl)sulphone (1.99g, 7.84mmol) and potassium carbonate (2.70g,
20mmol). The reactants were dissolved in DMAC (50ml) and heated to 150°C for 2 hours. 
After the reaction mixture had cooled sufficiently, the product was extracted into diethyl 
ether (2x50ml) and washed with water (2x100ml). The extracts were dried, combined, and 
the solvent was removed by rotary evaporation to give a light brown solid.
Yield = 3.00g (5.84mmol, 74.5%)
The compound was analysed by NMR and found to be identical to that made by the earlier 
route.
2.8. Unsvmmetrical Propenyl Cvanate Oligomers
2.8.1. Synthesis of 4 Ring Propenyl Cyanate 115)
THP/ propenyl phenoxv terminated oligomer (171 
(see figure 2-18)
A 250ml 3-necked round bottomed flask equipped with a magnetic stirrer bar, dropping 
funnel and a Dean-Stark trap, was charged with bis(4-fluorophenyl)sulphone (25.4g, 
lOOmmol), 2-allyl phenol (13.4g, lOOmmol) and potassium carbonate (15g, 110 mmol). 
DMAC (100ml) was added, and the mixture heated at 100°C overnight (approximately 16 
hours), then at 130°C for 2 hours. After the reaction mixture had cooled to approximately 
90°C, hydroquinone mono-THP ether potassium salt (8 ) (30.0g, 130mmol) and toluene 
(30ml) were added. The mixture was heated under reflux to remove water (3ml was 
collected in the Dean-Stark trap), then at 140°C overnight (16 hours).
After the reaction mixture had cooled to room temperature, water (100ml) was added, and 
the product extracted into diethyl ether (2x150ml). The ethereal fractions were washed 
with sodium hydroxide solution (2M, 2x100ml) and water (2x100ml), then dried over 
magnesium sulphate and combined. The solvent was removed by rotary evaporation to 
leave a light brown glassy solid.
Yield= 53.4g (98.5mmol, 98.5%)
It was noted from the NMR spectrum that the allyl side chain from allyl phenol had 
isomerised to a propenyl group, as indicated on the reaction scheme. Only the trans isomer 
was observed.
This compound was not isolated and characterised as its THP derivative (17) - the 
deprotected version (18) was fully characterised.
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Hvdroxv/propenvlphenoxv terminated oligomer (18)
(see figure 2-18)
51.4g (94.8mmol) of compound (17) was dissolved in methanol (200ml) in a 500ml round 
bottomed flask fitted with a reflux condenser. 4-Toluenesulphonic acid (lg, catalytic) was 
added and the mixture heated under reflux for 2 hours, then allowed to cool to room 
temperature. Water (200ml) was added, and the product extracted into diethyl ether 
(2x150ml) and washed with further water (2x100ml). The ethereal fractions were dried 
over magnesium sulphate, combined and the solvent removed by rotary evaporation to 
give a light brown solid.
Yield= 35.2g (76.9, mmol, 81.1%)
As expected, some distribution of products was present, complicating analysis. A small 
amount of the unsymmetrical compound (18) was isolated by chromatography for full 
characterisation. (Silica column, ether/hexane 1:2 eluent).
XHNMR, ((CD3)2CO), 5: 1.80-1.85 (d, J=7Hz, 3H), 6.25-6.40 (m, 1H), 6.49-6.50 
(d, J=15Hz, 1H), 6.90-7.05 (m, 9H), 7.20-7.35 (quintet, J=7Hz, 2H), 7.65-7.70 
(d, J=7Hz, 1H), 7.90-8.00 (m, 4H), 8.40-8.60 (s, 1H).
13C NMR and DEPT ((CD3)2CO), 6 : 18.86 (-CH3), 117.35 (-CH-), 117.54 (-CH-), 117.69 
(-CH-), 122.43 (-CH-), 122.77 (-CH-), 124.98 (-CH-), 126.67 (-CH-), 127.77 (-CH-),
129.06 (-CH-), 129.35 (-CH-), 130.64 (-CH-), 130.70 (-CH-), 131.52 (-C-), 136.25 (-C-), 
136.80 (-C-), 147.93 (-C-), 151.85 (-C-), 155.76 (-C-), 163.09 (-C-), 163.97 (-C-).
Microanalysis.
Found C 70.4%, H 4.9%, N 0%
Expected for C39 H ^ S  :C 70.7%, H 4.8%, N 0%
4-ring propenyl cvanate (15)
(see figure 2-18)
A 250ml round bottomed flask was charged with compound (18) (34. lg, 74.5mmol) and 
cyanogen bromide (8.00g, 75.5mmol) in solution in acetone (100ml). The solution was 
cooled to -10°C and triethylamine (7.60g, 75.5mmol) was added dropwise, at a rate such 
that the temperature of the reaction mixture was maintained between -5°C and -10°C .
After the addition of the triethylamine, the reaction mixture was allowed to warm to room 
temperature, and the product extracted into dichloromethane (2x100ml) and washed with 
water (2x100ml). The extracts were dried over magnesium sulphate, combined and the 
solvent removed by rotary evaporation to give a light brown glassy solid.
Yield= 34.3g (71.0mmol, 95.3%)
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HPLC showed a distribution of products: 62% of compound (15), 21% of (19) and 17% 
of compound (20) (see figure 2-20). A sample of the major product (15) was isolated by 
chromatography (silica column, ether/dichloromethane/hexane 1:9:20 eluent), for analysis.
iHNMR (CDC13) 6:1.75-1.85 (d, 3H, J=7Hz), 6.2-6.35 (doublet of quartets, 1H, J=15Hz 
and 7Hz), 6.40-6.50 (d, 1H, J=15Hz), 6.40-7.35 (11H), 7.55-7.60 (m, 1H), 7.80-8.00 
(4H)
13C NMR and DEPT (CDC13) 6 : 14.06 (-CH3), 18.81 (-CH3), 108.58 (-C-), 116.89 
(-CH-), 117.11 (-CH-), 117.95 (-CH-), 121.33 (-CH-), 121.85 (-CH-), 124.03 (-CH-), 
125.71 (-CH-), 126.89 (-CH-), 128.19 (-CH-), 128.49 (-CH-), 129.77 (-CH-), 129.86 
(-CH-), 130.74 (-C-), 134.62 (-C-), 136.54 (-C-), 149.18 (-C-), 150.76 (-C-), 153.45 
(-C-), 161.00 (-C-), 162.36 (-C-)
Microanalysis
Found C 69.5%, H 4.3%, N 2.8%
Expected for C^H^NOjS: C 69.6%, H 4.4%, N 2.9%
Melting point = 50-52°C
The Infra Red spectrum gave characteristic cyanate peaks at 2236 and 2270cm-1.
Identification of side products in (15)
See figure 2-20 for key and table 2-1 for HPLC results.
Compound (21) is available commercially in the "Compimide" family of resins as 
Compimide® TM122.
A small sample of compound (22) was synthesised directly:- 
Unfiinctionalised 4 ring cyanate oligomer (22)
A 50ml round bottomed flask was charged with hydroxy terminated oligomer (7) (2.17g, 
5.00mmol) and cyanogen bromide (1.06g, lO.OOmmol), dissolved in acetone (15ml). The 
solution was cooled to -10°C and triethylamine (l.Olg, lOmmol in acetone, 15ml) was 
added dropwise at a rate such that the temperature was maintained between -5°C and 0°C. 
The mixture was allowed to warm up to room temperature, with stirring over a two hour 
period. The product was extracted into dichloromethane (2x20ml), washed with water 
(2x20ml) and the solution dried. The solvent was then removed by rotary evaporation to 
give a white crystalline solid.
Yield = 2.32g (4.80mmol, 96.0%)
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NMR (CDCI3) 6 : 7.00-7.05 (d, J=10Hz, 4H), 7.10-7.10 (d, J=10Hz, 4H), 7.30-7.35 
(d, J=10Hz, 4H), 7.90-7.95 (d, J=10Hz, 4H).
13C NMR and DEPT (CDC13) 6 : 108.56 (-C-), 117.15 (-CH-), 117.92 (-CH-), 121.89 
(-CH-), 129.93 (-CH-), 136.15 (-C-), 149.24 (-C-), 153.35 (-C-), 161.17 (-C-)
Microanalysis
Found C 64.3%, H 3.3%, N 5.5%
Expected for C26H16N20 6S: C 64.5%, H 3.3%, N 5.8%
The Infra Red spectrum gave characteristic cyanate peaks at 2235 and 2270cm'1.
2.8.2. Synthesis of 5-Ring Propenvl Cvanate (16)
THP /propenvlphenoxv terminated oligomer (171
A llitre 3-necked round bottomed flask, equipped with a Dean-Stark was charged with 
bisphenol-A mono-THP ether/sodium salt (4) (66 .8g, 200mmol), 
bis(4-chlorophenyl)sulphone (57.4g, 200mmol) and potassium carbonate (3g, 22mmol). 
DMAC (600ml) and toluene (200ml) were added, and the mixture heated under reflux 
with stirring until no more water was being removed (6 ml collected). Toluene was 
distilled off until the temperature of the reaction mixture reached 160°C - the reactants 
were stirred at this temperature for a further 2 hours. After the reaction mixture had 
cooled to about 90°C, potassium carbonate (28g, 200mmol), 2-allyl phenol (27. Og, 
200mmol) and toluene (200ml) were added.
The mixture was heated under reflux until no more water was given off (3ml collected, 
after 1 hour). The toluene was distilled off, and the reaction mixture heated to 160°C for a 
further 2  hours, then allowed to cool to room temperature.
The resulting mixture was poured into water (500ml) and the product extracted into 
di-ethyl ether (600ml + 300ml) and washed with sodium hydroxide solution (300ml, 2M), 
water (300ml) and brine (300ml). The ethereal solutions were dried over magnesium 
sulphate, combined, and the solvent was removed by rotary evaporation to give a light 
brown, glassy solid.
Yield= 127.4g (198mmol, 98.9%)
The structure was confirmed by NMR-a full characterisation was carried out after 
deprotection.
It was noted from the !H NMR spectrum that the allyl side chain from 2-allyl phenol had 
isomerised to a propenyl group, as indicated in the reaction scheme. Only the trcms isomer 
was observed.
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Hvdroxv/ propenvlphenoxv terminated oligomer (18)
127.4g (193mmol) of oligomer (17) was dissolved in methanol (500ml) in a 1 litre round 
bottomed flask. 4-Toluene sulphonic acid (2g, catalytic) was added, and the solution 
heated under reflux for 2 hours, then allowed to cool to room temperature. The product 
was extracted into diethyl ether (600ml + 300ml) and washed with water (2x 300ml). The 
ethereal solutions were dried over magnesium sulphate and combined. The solvent was 
removed by rotary evaporation to give a light brown, glassy solid.
Yield= 114.0g (192mmol, 99.5%)
HPLC showed the expected distribution of products - a sample of the major product (18) 
was isolated by chromatography (silica column, ether/dichloromethane/hexane 1:3:4 
eluent).
!HNMR (CDC13) 6 : 1.65 (s, 6H), 1.80-1.85 (d, 3H J=7Hz), 6.15-6.35 (m, 1H),
6.40-6.50 (d, 1H, J=15Hz), 6.75-6.80 (d, 2H, J=8Hz), 6.90-7.25 (m, 13H) 7.35-7.60 
(m, 1H), 7.80-7.90 (4H)
13C NMR and DEPT (CDC13) 8 : 16.78 (-CH3), 30.99 (-CH3), 42.04 (-C-), 114.69(-CH-), 
116.97 (-CH-), 117.62 (-CH-), 119.68 (-CH-), 121.35 (-CH-), 124.24 (-CH-), 125.66 
(-CH-), 126.99 (-CH-), 127.86 (-CH-), 128.21 (-CH-), 128.43 (-CH-), 128.5 (-CH-), 
129.67 (-CH-), 129.71 (-CH-), 129.90 (-CH-), 130.85 (-C-), 135.06 (-C-), 135.30 (-C-),
142.47 (-C-), 147.92 (-C-), 151.00 (-C-), 152.64 (-C-), 153.65 (-C-), 162.12 (-C-),
162.29 (-C-).
Microanalysis
Found C 74.0%, H 5.5%, N 0%
Expected for C36H320 5S: C 74.9%, H 5.6%, N 0%
Melting point = 76-78°C
5-ring propenvl cvanate (161
A 250ml round bottomed flask was charged with oligomer (18), (26.24g, 44.4mmol) and 
cyanogen bromide (4.71g, 44.4mmol), dissolved in acetone (100ml). The solution was 
cooled to -10°C, and triethylamine (4.50g, 44.4mmol) was added dropwise with stirring at 
a rate such that the temperature was kept between -5°C and -10°C (this took 
approximately 30 minutes). The reaction mixture was allowed to warm to room 
temperature, then the product was extracted into dichloromethane (2x100ml) and washed 
with water (2x100ml). The extracts were dried over magnesium sulphate, combined and 
the solvent removed by rotary evaporation, to give a light brown glassy solid.
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Yield=25.5g (44.3mmol, 99.7%)
A small sample of the major product was isolated by chromatography (silica column, 
ether/dichloromethane/hexane 1:9:20 eluent).
!H NMR (CDC13) 5: 1.70 (s, 6H), 1.80-1.85 (d, 3H, J=7Hz), 6.40-6.50 (d, 1H, J=15Hz), 
6.70-6.85 (m, 1H), 6.90-7.10 (m, 7H), 7.15-7.35 (m, 8H), 7.40-7.60 (m, 1H), 7.85-7.95 
(4H)
13C NMR and DEPT (CDC13) 6:16.84 (-CH3), 30.83 (-CH3), 42.50 (-C-), 108.87 (-C-), 
114.90 (-CH-), 117.04 (-CH-) ,117.68 (-CH-), 119.95 (-CH-), 121.36 (-CH-), 124.10 
(-CH-), 125.69 (-CH-), 126.91 (-CH-), 128.21 (-CH-), 128.36 (-CH-), 128.74 (-CH-),
129.25 (-C-), 129.57 (-CH-), 129.70 (-CH-), 130.80 (-C-), 134.95 (-C-), 135.55 (-C-), 
146.49 (-C-), 149.38 (-C-), 150.87 (-C-), 153.03 (-C-), 161.81 (-C-), 162.28 (-C-)
Microanalysis
Found C 73.2%, H 5.2%, N 2.3%
Expected for C37H310 5S: C 73.8%, H 5.2%, N 2.3%
Melting point = 54-56°C
The Infra Red spectrum gave characteristic cyanate peaks at 2237 and 2270cm-1.
Identification of Side-Products in (161
See figure 2-21 for key, and table 2-2 for HPLC results.
Compound 21 is available commercially in the Compimide family of resins.
A small sample of compound (23) was synthesised using the method of Heald95.
UV data and HPLC retention times were recorded for reference.
2.8.3. Model Compounds for HPLC work
One equivalent of 4-methoxyphenol was added to bis(4-fluorophenyl)sulphone, followed 
by one equivalent of 2-allyl phenol. This resulted in a mixture containing three compounds. 
The reaction was repeated at a range of different temperatures- the method was similar for 
all temperatures and an example is given below.
Example Experiment
The experiments were carried out in a 3-necked round bottomed flask, equipped with 
magnetic stirrer bar, dropping funnel, condenser and a Beckman thermometer. The 
thermometer was connected to the hotplate stirrer used to heat the oil bath, and allowed 
the reaction mixture to be maintained at a pre-set temperature to +/- 1°C.
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The flask was charged with bis(4-fluorophenyl)sulphone (2.54g, lOmmol), potassium 
carbonate (13.8g, lmmol) and DMAC (40ml).
The reaction mixture was heated up to the required temperature and allowed to 
equilibrate.
4-Methoxy phenol (1.24g, lOmol), dissolved in DMAC (10ml) was added dropwise over a 
30-minute period. The reaction mixture was heated for a further 3.5 hours, and allowed to 
cool to a temperature suitable for the addition of the next reactants (120°C or lower). 
Potassium carbonate (13.8g, lOmmol) and 2-allyl phenol (1.34g, lOmmol) were added, 
and the reaction mixture was heated at 160°C for a further 2 hours. It was then allowed to 
cool to room temperature and the product was extracted into diethyl ether (2x50ml), 
washed with sodium hydroxide solution (2M, 50ml) and water (2x50ml) and dried over 
magnesium sulphate. The extracts were combined and the solvent removed by rotary 
evaporation to give a light brown glassy solid. Yields and purities are given earlier in table 
2-3.
Identification of products in model system.
Compound (21) is commercially available in the Compimide family of resins.
Compound (24) was isolated by chromatography (silica column, ether /dichloromethane 
/hexane 1:3:4 eluent), to give a colourless semi-solid.
NMR (CDC13),5: 1.80-1.85 (d, J=7Hz, 3H), 3.80 (s, 3H), 6.20-6.35 (doublet of 
quartets, J=7Hz and 15Hz, 1H), 6.40-76.50 (d, J=15Hz, 1H), 6.85-7.00 (9H), 7.15-7.2 
(m, 2H), 7.50-7.55 (m, 1H), 7.80-7.85 (m, 4H).
13C NMR (CDC13) and DEPT, 5: 18.44(-CH3), 55.61 (-CH3), 115.12 (-CH-), 116.84 
(-CH-), 121.74 (-CH-), 124.07 (-CH-), 125.65 (-CH-), 126.87 (-CH-), 128.19 (-CH-),
128.48 (-CH-), 129.57 (-CH-), 129.65 (-CH-), 130.77 (-C-), 134.87 (-C-), 135.05 (-C-), 
147.93 (-C-), 150.85 (-C-), 156.88 (-C-), 162.20 (-C-), 162.76 (-C-)
Microanalysis
Found : C 71.0%, H 5.0%, N 0.0%
Expected for C^H^OjS: C 71.3%, H 4.9%, N 0.0%
UV data and HPLC retention times were recorded for reference.
Compound (13) is an intermediate in an earlier synthesis (of (12), 4rOCN), and has been 
fully characterised. UV data and HPLC retention times were recorded for reference.
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Chapter 3. Thermal Analysis
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Analysis Techniques and Conditions
3.1, Introduction
The thermal analysis techniques used during the course of this work were Differential 
Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA) and Dynamic 
Mechanical Thermal Analysis (DMTA). The first part of this chapter gives a brief 
introduction to the techniques and the experimental conditions used while the second part 
contains the results of the various analyses performed and a discussion of their 
significance.
3.1.1. Key to Resin Abbreviations
Three modifiers (the synthesis of which is described in chapter 2) were used for the 
various analyses described in this chapter. They are referred to by the following 
abbreviated code names, for convenience;
4rOCN - compound (12) - allyl fimctionalised modifier containing 4 phenylene rings in the 
backbone.
6rOCN - compound (6) - allyl fimctionalised modifier containing 6 phenylene rings in the 
backbone.
5rOCN - compound (16) - unsymmetrical propenyl fimctionalised modifier containing 5 
phenylene rings in the backbone.
3.2. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is one of the most commonly used techniques in 
the study of polymers. In its simplest form it detects endothermic and exothermic 
processes, and can be used to pick up thermodynamic changes (such as melting) and 
chemical changes (such as a cure reaction). The type of DSC used in this work is known 
as a heat-flux type. The DSC cell consists of two parts, a sample holder and a reference 
holder linked by a coupling of low thermal resistance . A computer is used to carefully 
control the heating rate, whilst thermocouples detect temperature differences between the 
sample and reference (the temperature differential will translate to a heat-flow, hence the 
name). In an exothermic process the sample temperature will rise above that of the 
reference, and vice versa for an endothermic process.
In this study DSC was used to follow the cure of resin systems based on the newly 
synthesised modifiers. The new modifiers were studied as homopolymers, as copolymers 
with DDM-BMI to demonstrate the co-reaction, and in some cases as terpolymers with a 
commercial bismaleimide and cyanate, to investigate possible cure-cycles. For some 
monomers, approximate kinetic parameters were derived from the DSC data using in- 
house software (this is covered in section 3-8).
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3.2.1. Experimental Conditions (DSC)
All experiments were carried out on a Dupont 910 Calorimeter, interfaced to a PC. 
Nitrogen was used as a purge gas (40ml min'1) and samples (approximately 5mg) were 
contained in sealed aluminium pans unless otherwise stated. Heating rates were 10 Kmin-1 
unless otherwise stated.
3.3. Dynamic Mechanical Thermal Analysis
Dynamic Mechanical Thermal Analysis (DMTA) is a powerful technique in thermal 
analysis, which can yield a lot of information about a specimen. In this work it was used 
primarily to determine glass transition temperatures (Tg) of resin and composite samples 
but has other uses including the following of resin cure and a more detailed study of 
viscoelastic behaviour.
In dynamic mechanical testing techniques, a sinusoidal stress is applied to a specimen and 
the resultant strain is measured. Two dynamic moduli are defined, E1 (in phase with the 
strain) and E" (out of phase with the strain). The phase angle between stress and strain is 
defined as 8 . A typical DMTA experiment will give a plot of logE' and log(tan 8) versus 
temperature.
The theory behind dynamic mechanical testing techniques is fairly complicated, and is not 
dealt with here - the basic theory is given in the Appendix, whilst a more detailed 
description of the technique can be found in many polymer texts (for example Young103).
3.3.1. Experimental Conditions (DMTA)
All experiments were carried out on a Polymer Laboratories Mkll DMTA, interfaced to a 
PC. A heating rate of 4 Kmin-1 was used under a nitrogen atmosphere (40 ml min-1), and 
experiments were carried out between 30°C and 300°C.
The samples were tested in dual cantilever bending mode at a fixed frequency of 10Hz.
3.3.2. Determination of T_ bv DMTA
Three methods are commonly used for the determination of Tg by DMTA:
1) The maximum in the E" curve. E" is often referred to as the loss modulus.
2) The point at which a tangent to the first part of the E' curve crosses the tangent to the 
second part (see figure 3-22). This value is sometimes referred to as the extrapolated Tg.
3) The maximum in the tan 8 or log(tan 8) curve.
The value determined by method 2 is much nearer the onset of the Tg in most cases, than 
values determined by the other methods and gives a more realistic guide to potential 
maximum use temperatures for the materials. The tan 8 method usually gives a somewhat 
higher temperature and is more dependant on experimental conditions (particularly 
frequency) and on sample type. For the discussion of results, the Tg onset (method 2) is
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applied. However, as the tan 6 value is often used by other researchers, this value is also 
given in tabular form at the end of section 3.6., for comparison.
The behaviour of these materials during the glass transition is of interest, as well as onset 
temperatures. Of particular importance is the severity of the decrease in storage modulus 
(E'), as multi-component systems such as those being studied here often show a more 
gradual loss in E' than single component systems, during the glass transition. This is due to 
different parts of the network undergoing glass transitions at different temperatures (a 
single component system with a wide distribution of molecular weights may also show this 
behaviour), and in practice may lead to a better retention of mechanical properties near the 
Tg. DMTA may therefore give limited information on the morphology of the resin, 
indicating whether or not the modified systems retain the heterogeneity of the simple 
cyanate-bismaleimide blends.
Tg onset9.5
log E* -0.5
-1.5
8.5
-3.5log (tan d)
7.5
-4.5
temperature(°C)
figure 3-1. DMTA scan of resin 3, post-cured at 220°C for 6 hours, showing method (2) for Tg
determination.
3.3.3. Preparation of Resin bars
A series of samples was prepared, with a fixed percentage of bismaleimide (Compimide 
353 at 50%) and a vaiying ratio of two cyanates (AroCy B30, a pre-polymer of bisphenol- 
A dicyanate, and modifier 6rOCN) making up the other 50%. All samples were catalysed 
with copper(II) naphthenate (300ppm Cu(II) by weight) and 4phr (parts per hundred 
resin) nonyl phenol. More detail on the choice of resins and catalysts is given in section
4.2.1.
The three resin components (in the appropriate amounts) were first melt blended at 100°C, 
followed by the addition of the catalysts. The blend was then degassed in a vacuum oven
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at 100°C for 30 minutes, before being poured into custom-designed moulds (supplied by 
G.F.Tudgey, DRA Famborough) which gave samples of a convenient size for DMTA 
testing (40mm x 10mm x 2mm). The samples were heated to 170°C at approximately 10 
Kmin-1, held at this temperature for one hour, then heated to 180°C and held for two hours 
at this temperature. Samples were removed from the moulds after they had cooled to 
room temperature.
Some samples were post-cured at various temperatures, to determine the optimum cure 
cycle for these materials- details are given in section 3.6.
3.4. Thermo-Gravimetric Analysis
Thermo-Gravimetric Analysis (TGA) shows weight loss with increasing temperature, and 
is commonly used to look at the thermal stability or thermo-oxidative stability of resins. 
Unfortunately no standard exists for measurements, and since the method of sample 
preparation and experimental parameters can affect the results by a large amount, some 
thought needs to be given to these variables. A finely ground sample typically shows faster 
weight loss than a coarsely ground one, as a result of its larger surface area to weight ratio 
and a sample heated at a fast heating rate may show slower weight loss than one heated at 
a slow heating rate, due to temperature gradients within the sample. When a test sample 
was analysed at two different heating rates (4 and 40 Kmin-1) the apparent weight loss 
onset occurred at approximately 400°C at the higher heating rate compared to 300°C at 
the lower heating rate.
Unfortunately few researchers report exact conditions for TGA, thus comparison between 
this work and literature results was difficult. A method for sample preparation that would 
give similar particle size for all samples was required, and a heating rate slow enough to 
prevent excessive temperature gradients within the sample. These methods would then 
need to be applied to some commercial resin systems so that a valid comparison could be 
made with the novel systems in this work.
3.4.1. Experimental Detail (TGA1
Experiments were carried out on a Perkin Elmer TGA7 interfaced to a Perkin Elmer 7500 
computer. Where quantitative data (temperature for a given weight loss) are quoted, each 
of the relevant experiments was carried out twice and a mean value taken. Reproducibility 
was found to be very good, so experiments carried out for a qualitative comparison (where 
temperatures at which weight loss begins are of interest) were carried out only once. 
Samples, typically about 5mg, were prepared from small blocks of cured resin (2g samples 
were cured at 170°C for 1 hour, then at 220°C for 3 hours unless otherwise stated) by 
powdering with a fine metal file. This gave very finely powdered samples, which gave 
smoother scans than coarsely ground samples. A heating rate of 4 Kmin*1 was used unless 
otherwise stated, and the purge gas was either air or nitrogen (40 ml min-1).
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The temperature at which a given percentage weight loss has occurred is often quoted in 
TGA analysis, and this convention is used in this work . Temperatures for 2,5,10,20,30,40 
and 50% weight loss were calculated.
3.4.2. Drawbacks of TGA
It must be remembered that TGA measures weight loss, and whilst this is an indication 
that a degradation process is occurring the converse is not true; it is quite possible for 
thermal degradation processes not involving weight loss to occur and clearly not be picked 
up by TGA The onset of a glass transition is a good example of this, although chemical 
changes may also occur. Thus a polymer which appears stable at a given temperature by 
TGA could have very different properties at that temperature, to those it has at room 
temperature.
If, as in this case, FTIR or mass spectrometer accessories are not fitted to the TGA 
apparatus, decomposition products cannot be identified, so it is not possible to determine 
the temperature at which particular components degrade.
Results of Analyses
3.5. DSC Results
3.5.1. Novel Modifiers as Homopolvmers
These experiments were used to show the reaction of the cyanate functional groups of the 
various modifiers. All samples had been purified by chromatography prior to use and 
heating experiments were carried out at a series of heating rates (2, 5, 10,15 and 
20 Kmhr1) on each sample. For comparison a sample of each of the unpurified materials 
(as used in the composite studies) was run at 10 Kmhr1. No catalysts were used unless 
otherwise stated and sample sizes were approximately 5mg.
The enthalpy of reaction was determined by integration of the area under the peak, and 
cure onset and maximum temperatures for exotherm peaks were determined.
6rOCN(61 as a homopolvmer
The DSC thermogram (figure 3-2) shows the homopolymerisation of 6rOCN, an 
exothermic peak between 240°C and 330°C. The material appeared glassy before use and 
no melting endotherm was observed . The results at other heating rates are similar in 
appearance, but have differing cure onset/maximum temperatures (they are given in full at 
the end of this section in tables 3-2, 3-3 and 3-5).
The reaction enthalpy was measured at each heating rate (2, 5,10,15 and 20 Kmhr1) and 
the mean taken.
Enthalpy =184 Jg-1 or 147 kJmol'1 (74 kJ per mol cyanate)
A comparison was made with Bisphenol-A dicyanate (figure 3-3).
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It can be seen that the DSC scan for the commercial cyanate is similar to that for the 
extended modifier 6rOCN, although a melting endotherm is clearly observed at 80°C.
Enthalpy values for some other difunctional cyanates82 measured in a similar way are: 
Bisphenol-A dicyanate: 204 kJmoH (102 kJ per mol cyanate)
Di-allyl bisphenol-A dicyanate: 217 kJmol*1 (109 kJ per mol cyanate.
The overall reaction enthalpy for the oligomeric cyanate, 6rOCN is somewhat lower than 
that for similarly fimctionalised lower molecular weight monomers . This may be the effect 
of diffusion control and the reduced concentration of reactive groups in the oligomer, 
meaning that some cyanate groups are unable to react. A discussion of the types of 
network formation occurring during the cure of cyanates was given in a recent review73, in 
which the formation of species such as a triazine bicyclophane66 (TBC) was suggested as 
the reason why some cyanates can undergo such high degrees of conversion (>98%) (see 
introduction).
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figure 3-2. DSC thermogram of 6rOCN homopolymer at 10 Kmin'1.
The effect of the oligomeric backbone would be to make such mechanisms less favourable 
(the TBC species would not be formed at all), meaning that the processes occurring would 
be more conventional giving a lower degree of conversion. As these modifiers were not 
intended to be used as homopolymers, no work was done to investigate this effect further. 
The crude material (figure 3-4) gives a significantly lower cure onset and maximum, but a 
similar reaction enthalpy. Cyanate cyclotrimerization is catalysed by -OH groups, and it is 
probable that traces of unreacted -OH (from oligomer (3)) or water are initially catalysing
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the reaction. Traces of other impurities, left over from the synthesis are also present (the 
crude product is brown whereas all the purified intermediates were white) but as the 
nature of any other impurities is not known, it is not possible to speculate on any effect 
they may have.
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figure 3-3. DSC thermogram of bisphenol-A dicyanate at 10 Kmin'1
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figure 3-4. DSC thermogram of 6rOCN homopolymer (crude) at 10 Kmin'1
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4rOCN(T2) homopolvmer
The 10 Kmin’1 scan is shown in figure 3-5. The cure onset occurs at a lower temperature 
than with the bisphenol-A based system. This indicates a more reactive system, otherwise 
the DSC scan is of a similar nature. The backbone is different in this system and the ether 
links para to the cyanate group may well be causing the increase in reactivity. The 
mechanism of this reaction is still under investigation so the exact effect of the ether links 
para to the cyanate is not fully understood. However, both of the mechanisms postulated 
(see figures 1-19 and 1-21) involve the nucleophilic attack of a cyanate molecule (or a 
close derivative) on another cyanate. The effect of the para ether linkage may be to 
increase the nucleophilicity of the cyanate.
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figure 3-5. DSC thermogram of 4rOCN cyanate homopolymer at 10 Kmin'1.
Overall enthalpy = 274 Jg*1 or 155 kJmol*1 (78 kJ per mol cyanate)
This is slightly higher than that for the 6rOCN system, but of the same order.
5rOCN(T6) homopolvmer
Originally the same experiments were carried out as for the two difunctional systems 
discussed earlier. A DSC curve similar in shape was obtained (figure 3-6). It was more 
difficult to obtain consistent integrals for this system. This modifier does not crosslink as a 
homopolymer under normal circumstances (although addition of a radical initiator might 
cause polymerisation of the alkenyl groups) and the resulting product may be volatile 
(compared with difunctional, crosslinking systems).
Even though sealed pans were used, some loss of sample was evident on occasions. The 
experiments carried out at lower heating rates (2 and 5 Kmin-1) were not used for
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enthalpy calculations as they were not reproducible. Those carried out at higher heating 
rates were repeated several times.
Mean Enthalpy =156 Jg-1 or 94 kJmol' 1
This compares more closely with the values for bisphenol-A derivatives (bearing in mind 
that 5rOCN has only 1 equivalent of cyanate functionality). Because this system does not 
crosslink, and is a mobile liquid at high temperatures the cyanate groups would be 
expected to be free to react completely.
Enthalpy = 148 J/g
temperature (°C)
figure 3-6. DSC thermogram of 5rOCN homopolymer at 10 Kmin-1.
A cure accelerator (Copper(H) naphthenate at 90ppm Cu2+ and nonyl phenol at 1.2phr) 
was added and the experiments repeated. The cure onset and maxima occurred at 
significantly lower temperatures, however a small exothermic process was still detectable 
up to about 300°C (see later section on effect of catalysts).
The 10 Kmin-1 and 1.2phr catalyst scan is shown in figure 3-7, with an example of the 
integration limits used- in this case choice of limits is particularly difficult. With similar 
limits chosen over all heating rates, similar enthalpies were noted to the uncatalysed 
reaction.
Overall enthalpy= 144 Jg*1 or 88 kJmol'1
Again, this figure is closer to the values obtained for conventional cyanates, compared to 
the difunctional oligomers.
A series of experiments were carried out with a higher catalyst concentration of 12phr
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nonyl phenol and 900ppm Cu2+. It can be seen from figure 3-8 that the Tmax is actually 
higher than that of the sample with only 1.2phr catalysts, although the overall enthalpy is 
similar:
Enthalpy (12phr catalyst) =126 Jg-1 or 88 kJmoH
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figure 3-7. DSC thermogram of 5rOCN homopolymer + 1.2phr catalyst at 10 Kmin'1,
showing integration limits.
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figure 3-8. DSC thermogram of 5rOCN homopolymer +11.5% catalyst at 10 Kmin'1.
82
3.5.2, Copolymer studies with Bis maleimido-^'-diaminopheirvlmethane
(DDM-BMI)
These co-polymer studies were carried out to show the co-reaction between the modifiers 
and a maleimide. DDM-BMI is a common bismaleimide and was chosen because of its 
simple structure (it is also the major component of Compimide 353, the bismaleimide resin 
used in the composite studies). The modifiers were blended in varying amounts with 
DDM-BMI (1:1,1:2 and 1:4 molar ratios of modifier and DDM-BMI respectively). The 
samples were prepared by weighing out appropriate amounts of each component (to give 
approx. 200mg blends), dissolving them in dichloromethane and then removing the 
solvent thoroughly under vacuum.
DSC heating experiments were conducted at 2,5,10, 15 and 20 Kmin-1.
6rOCN / DDM-BMI copolymer
In the case of the 1:1 copolymer (figure 3-8), a melting endotherm is visible, for the 
bismaleimide component. The bismaleimide polymerisation begins at a lower temperature 
than that for the cyanate (from a DSC scan of DDM-BMI homopolymer), but the two 
processes are not distinguishable.
Overall enthalpy (2,5,10,15 and 20 Kmin*1) = 289 Jgr1
A plot of average enthalpy (2,5,10,15 and 20 Kmin-1 scans) versus modifier content is 
shown in figure 3-10. It can be seen that the reaction enthalpy is greater for the copolymer 
systems (in particular the 1:1 mixture).
This suggests that a co-reaction between the modifier and the bismaleimide had occurred- 
the proposed reaction sequence is an Ene and subsequent Diels-Alder reaction between the 
allyl side chains of the modifier and maleimide groups (see section 1.4.1.).
The different DSC scans of the modifier (6rOCN), DDM-BMI and their copolymers are 
overlayed in figure 3-12.
Blend of unmodified cvanate and DDM-BMI
When an unmodified cyanate (AroCy B10, bisphenol-A dicyanate) was blended with 
DDM-BMI in the same way and analysed, the enthalpy/composition graph was 
approximately linear (figure 3-11). This suggests that the non-linearity of the 
6rOCN/DDM-BMI copolymer system is due to an additional exothermic process and is 
not a result of mixing.
A study to investigate the composition would be useful, to determine if the % conversion 
of cyanate and bismaleimide in this simple blend are the same as in the respective 
homopolymers after the same cure cycle. Although the linearity of the graph would 
support this idea, it is not conclusive evidence for it. If the % conversions of cyanate and 
bismaleimide in the simple blends were found to be the same as in their respective
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homopolymers, a case could be argued for the presence of discreet regions of 
polycyanurate and polybismaleimide in the cured blend, rather than an IPN with a 
homogeneous morphology. Distinct phases would mean that the majority of the reactive 
groups could react normally, whereas in a totally homogeneous system one might expect a 
degree of steric hindrance and thus a lowered overall enthalpy.
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figure 3-9. DSC thermogram of 6rOCN:DDM-BMI 1:1 copolymer at 10 Kmin’1
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figure 3-10. Variation of reaction enthalpy with sample composition for 6rOCN/DDM-BMI copolymer.
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figure 3-11. Bisphenol-A dicyanate/DDM-BMI reaction enthalpy variation with composition.
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figure 3-12. Overlay of DSC thermograms of 6rOCN/DDM-BMI copolymers at 10 Kmin-1. 
4rOCN/DDM-BMI copolymer system
The DSC traces were of similar appearance to those of the 6rOCN system. The reaction 
enthalpies were calculated and plotted against sample composition (figure 3-13).
Again, the non-linear nature of the graph suggests a co-reaction between the cyanate 
modifier and the bismaleimide. Given the similar nature of this system to the previous 
(6rOCN) system, similar results were expected.
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figure 3-13. Enthalpy variation with composition for 4rOCN/DDM-BMI copolymer 
5rOCN/DDMBMI copolymer system
This modifier contains a propenyl (rather than allyl) side-chain, and a cyanate end group. It 
has been shown previously81 that propenyl groups of this nature are more reactive towards 
bismaleimides than allyl groups, and co-react at a lower temperature.
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figure 3-14. DSC thermogram of 5rOCN/DDMBMI 1:1 copolymer at 10 Kmin"1
A sharp exotherm (figure 3-13) can be seen at 200°C, before the DDM-BMI homo­
polymerisation, thought to be due to a Diels-Alder reaction between the modifier and the
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bismaleimide. This ought to allow for a more efficient use of the modifier as it should be 
able to compete more effectively than allyl based systems, for reaction with the bis­
maleimide. Reaction enthalpy was plotted as a function of cyanate content (figure 3-15).
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figure 3-15. Enthalpy variation with composition for 5rOCN/DDM-BMI copolymer.
3.5,3, Effect of Catalysis
The effect of the catalyst (300ppm Cu2+ as Copper(H) naphthenate and 4phr nonyl 
phenol) on cyanate polymerisation was investigated by comparison of B30 resin with and 
without catalyst (figure 3-16).
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figure 3-16. DSC thermogram showing the effect of catalyst on cyanate homopjolymerisation.
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The cure onset for the catalysed B30 resin (about 100°C) is about 100°C lower than the 
uncatalysed system. The maximum in the exotherm occurs at about 160°C (catalysed) 
compared with 290°C (uncatalysed). The catalysed B30 exotherm has a long tail-off, after 
the major peak- this was also observed for the catalysed 5rOCN homopolymer (figure 
3-8), but the reason for this is not known.
The same experiment was carried out on Compimide 353, showing the limited effect of the 
catalyst on bismaleimide homopolymerisation (figure 3-17), which is believed to occur via 
a radical mechanism.
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figure 3-17. DSC thermogram showing the effect of catalyst on Compimide 353 homopolymerisation
3.5.7. Compimide 353/ B30 cvanate/ 6rOCN catalysed terpolvmer systems 
These terpolymers were of the same composition as those used for DMTA studies (see 
section 3.6.), and DSC was used to help determine the cure cycle. Five blends were tested, 
each containing 300ppm Cu2+ (as copper(D) naphthenate) and 4 phr nonyl phenol.
An example of the type of result obtained is shown in figure 3-18.
The exotherm peaks are broader than those seen in previous systems, and cure onset and 
maxima are at lower temperatures. The presence of several types of bismaleimide and 
cyanate may give rise to the broader peaks and the use of the catalysts would also be 
expected to contribute to these observations. The cure onset for the cyanate is at about 
100°C, and for the bismaleimide just below 230°C. The relatively high temperature 
required to cure the bismaleimide network is one reason why a post-cure schedule is 
required to obtain a reasonable Tg from these blends (although cyanate homopolymer 
systems also benefit from post-cures at temperatures above 200°C, as the Tg of such 
systems is often very sensitive to the degree of conversion of the resin104).
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The variation in the DSC curve, with sample composition is shown in figure 3-19. 
Table 3-1. Terpolymer blends_______________________________ _________
B le n d  n u m b er % B 3 0  (b y  w e ig h t) %  C o m p im id e  3 5 3 %  6 rO C N
1/1 50 50 0
6r/2 37.5 50 12.5
6r/3 25 50 25
6r/4 12.5 50 37.5
6r/5 0 50 50
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figure 3-18. DSC thermogram of catalysed terpolymer blend 6r/3 at 10 Kmin-1.
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figure 3-19. Overlay of DSC thermograms of different terpolymer blends
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Tabulated DSC data
Table 3-2. DSC data for 6rOCN system.
S A M P L E  (m o la r  ra tio s ) h e a tin g
r a te
K m in '1
C u re
o n s e t
CC
Tm ax
CC
e n th a lp y
Jg'1
a v e r a g e
e n th a lp y
Jgr1
%
c y a n a te
(m ols)
%
B M I
(m o ls)
6rOCN homopolymer 2 212 258 1 1 1 100 0
6rOCN homopolymer 5 233 284 168 100 0
6rOCN homopolymer 10 245 303 179 100 0
6rOCN homopolymer 15 237 306 191 100 0
6rOCN homopolymer 20 240 321 202 184 100 0
6rOCN/DDM-BMI 1:1 2 140 198 266 50 50
6rOCN/DDM-BMI 1:1 5 140 245 289 50 50
6rOCN/DDM-BMI 1:1 10 143 270 287 50 50
6rOCN/DDM-BMI 1:1 15 150 280 304 50 50
6rOCN/DDM-BMI 1:1 20 155 287 300 289 50 50
6rOCN/DDM-BMI 1:2 2 140 193 214 33 67
6rOCN/DDM-BMI 1:2 5 143 246 239 33 67
6rOCN/DDM-BMI 1:2 10 145 262 274 33 67
6rOCN/DDM-BMI 1:2 15 155 276 269 33 67
6rOCN/DDM-BMI 1:2 20 162 286 262 252 33 67
6rOCN/DDM-BMI 1:4 2 150 217 220 20 80
6rOCN/DDM-BMI 1:4 5 163 245 196 20 80
6rOCN/DDM-BMI 1:4 10 187 262 198 20 80
6rOCN/DDM-BMI 1:4 15 174 273 245 20 80
6rOCN/DDM-BMI 1:4 20 179 282 231 218 20 80
DDM-BMI homopolymer 2 160 182 159 0 100
DDM-BMI homopolymer 5 160 212 212 0 100
DDM-BMI homopolymer 10 165 220 206 0 100
DDM-BMI homopolymer 15 175 230 224 0 100
DDM-BMI homopolymer 20 185 236 242 209 0 100
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Table 3-3. DSC data for 4rQCN system
S a m p le  (m o la r  ra tio s ) H e a tin g
ra te
K m in '1
C u re
o n s e t
CC
T m a x  CC e n th a lp y
J fT 1
a v e r a g e
e n th a lp y
J g A
%
c y a n a te
(m ols)
% B M l
(m ols)
4rOCN homopolymer 2 175 250 255 100 0
4rOCN homopolymer 5 175 271 267 100 0
4rOCN homopolymer 10 215 289 274 100 0
4rOCN homopolymer 15 225 300 293 100 0
4rOCN homopolymer 20 235 311 284 274 100 0
4rOCN/DDM-BMI 1:1 2 125 221 338 50 50
4rOCN/DDM-BMI 1:1 5 140 252 390 50 50
4rOCN/DDM-BMI 1:1 10 160 273 392 50 50
4rOCN/DDM-BMI 1:1 15 165 278 412 50 50
4rOCN/DDM-BMI 1:1 20 170 288 400 386 50 50
4rOCN/DDM-BMI 1:2 2 140 229 320 33 67
4rOCN/DDM-BMI 1:2 5 150 250 344 33 67
4rOCN/DDM-BM3 1:2 10 160 271 352 33 67
4rOCN/DDM-BMI 1:2 15 165 279 368 33 67
4rOCN/DDM-BMI 1:2 20 170 287 371 351 33 67
4rOCN/DDM-BMI 1:4 2 150 222 294 20 80
4rOCN/DDM-BMI 1:4 5 150 256 314 20 80
4rOCN/DDM-BMI 1:4 10 150 264 359 20 80
4rOCN/DDM-BMI 1:4 15 155 278 366 20 80
4rOCN/DDM-BMI 1:4 20 165 287 361 339 20 80
Table 3-4. Comparison of Cyanate homopolymer enthalpies per mol of cyanate
R e s in e n th a lp y  Jg*1 
(a v e ra g e * )
k J  p e r  m o l  re s in k J  p e r  m o l c y a n a te
6rOCN 184 147 74
4rOCN 274 155 77
5rOCN* 156 93 93
5rOCN (1.2phr cats) 144 88 88
5rOCN (12phr cats) 126 86 86
Bisphenol-A dicyanate 736 205 102
DABAOCN 605 217 108
* average enthalpy taken from heating rates of 2,5,10,15 and 20 Kmin-1, apart from 5rOCN uncatalysed 
system where only 10,15 and 20 Kmin*1 values were used.
Bisphenol-A dicyanate and di-allyl bisphenol-A dicyanate (DABAOCN) values are reproduced from the 
workofHamerton82 .
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Table 3-5. DSC data for 5rOCN system
S a m p le  (m o la r  r a t io s ) H e a tin g
r a te
K m in '1
C u re
o n s e t
CC
T  m a x  
CC
e n th a lp y
Jsr1
a v e r a g e
e n th a lp y
Jgr1
%
c y a n a te
(m ols)
% B M
(m ols)
| 5rOCN homopolymer 10 215 312 148 100 0
5rOCN homopolymer 15 203 315 160 100 0
5rOCN homopolymer 20 190 319 161 156 100 0
5rOCN-1.2% catalyst* 2 50 105 143 100 0
5rOCN-1.2% catalyst* 5 60 119 142 100 0
5rOCN-1.2% catalyst* 10 65 131 157 100 0
5rOCN-1.2% catalyst* 15 75 139 166 100 0
5rOCN-1.2% catalyst* 20 75 144 171 144 100 0
5rOCN-12% catalyst* 2 65 133 118 100 0
5rOCN-12% catalyst* 5 75 152 119 100 0
5rOCN-12% catalyst* 10 80 163 127 100 0
5rOCN-12% catalyst* 15 90 170 132 100 0
5rOCN-12% catalyst* 20 75 176 136 126 100 0
5rOCN/DDMBMI 1:1 2 135 216 217 50 50
5rOCN/DDMBMI 1:1 5 140 240 215 50 50
5rOCN/DDMBMI 1:1 10 145 255 1 1 1 50 50
5rOCN/DDMBMI 1:1 15 155 271 228 50 50
5rOCN/DDMBMI 1:1 20 155 275 234 222 50 50
5rOCN/DDMBMI 1:2 2 150 174 232 . 33 67
5rOCN/DDMBMI 1:2 5 150 201 234 33 67
5rOCN/DDMBMI 1:2 10 155 243 249 33 67
5rOCN/DDMBMI 1:2 15 155 258 237 33 67
5rOCN/DDMBMI 1:2 20 160 267 223 235 33 67
* Denotes either 1.2phr or 12phr combined catalysts.
1.2phr total catalyst amounts to approximately 1.2phr nonyl phenol and 90ppm Cu^+- 
12phr total catalyst amounts to approximately 1.2phr nonyl phenol and 900ppm Cu^+-
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3.6. DMTA Results
3.6.1. DMTA measurements on neat resin
table 3-6. Resin blends analysed by DMTA
B le n d % B 3 0  (b y  w e ig h t) %  C o m p im id e  3 5 3 %  6 rO C N
1/1 50 50 0
6r/2 37.5 50 12.5
6r/3 25 50 25
6r/4 12.5 50 37.5
6r/5 0 50 50
The original samples were analysed from 30 to 220°C, and were clearly under-cured at this 
stage. An example is shown in figure 3-20.
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figure 3-20. DMTA scan of blend 6r/3 neat resin, no postcure.
The other resins gave similar results (these are tabulated at the end of the section) and no 
distinct trends were observable. The rise in logE' after the Tg is typical of a resin which has 
continued to cure during the DMTA experiment, as temperatures above its original cure 
temperature are experienced. A rise in Tg was noted for all of the samples when the 
samples were re-scanned from 30 to 220°C ; this is also typical of a part-cured sample.
A post-cure schedule was clearly needed, and to investigate possible cure-schedules, 
samples of each of the blends were post-cured at temperatures of 220°C and 260°C under 
vacuum.
After the 220°C post-cure, a significant rise in temperature was noted for all of the 
samples. Tgs were in the region of200°C, roughly what would be expected from the post-
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cure cycle. A trend of increasing Tg with increasing modifier content was noted.
After the 260°C post-cure another increase in Tg was noted, although not as dramatic this 
time: Tg's varied from 230°C to 260°C. Again, a trend of increasing Tg with increasing 
modifier content was noted - this is shown graphically in figure 3-21.
increasing modifier content
50 -
0 -I----------------- 1------------ :---- 1----------------- 1----------------- 1
blend 1/1 6r/2 6r/3 6r/4 6r/5
resin blend
figure 3 -21. Tg variation with sample composition and post-cure cycle for neat resins
A post-cure schedule of220°C for 3 hours was decided on as a standard for all future 
work (this also suited the composite samples, which did not seem to benefit much from a 
cure temperature above 220°C). Although this schedule was not critical in itself, it was 
important that it should not be changed from one sample to the next, in order to allow 
valid comparisons to be made.
The reason for putting alkenyl side chains on the cyanate ester modifiers is to allow them 
to co-react with the bismaleimide network. In theory a simple mixture of B30 cyanate and 
Compimide 353 BMI should give an interpenetrating network (IPN) when cured, in the 
same manner as the commercial Skyflex® BT Resin (Mitsubishi Gas and Chemical 
Corporation) with the polycyanurate and polymaleimide networks passing through each 
other but not chemically bonded together. In the case of resin blends containing a modifier, 
the polycyanurate and polymaleimide networks should be chemically joined, to give a 
linked interpenetrating network.
A two-component IPN sometimes shows two distinct glass transitions by DMTA, one for 
each of the original components. This can be seen in the DMTA scan of a neat resin 
sample made from a 1:1 blend ofB30 cyanate and Compimide 353 (figure 3-23), and is 
consistent with the theory that the cured resin is contains discreet regions of polycyanurate 
and polybismaleimide (and also interfacial regions where both are present), which undergo
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glass transitions at different temperatures. In a composite sample prepared from a 1:1 
blend of B30 and Compimide 353, only one Tg was observed, the reasons for which are 
not understood. Dual glass transitions have also been observed in this type of blend by 
Hamerton82 and generally the lower of the Tg s will govern the maximum use temperature 
of such a material.
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figure 3-22. DMTA scan of resin blend 1/1 after 220°C post-cure, showing two Tg s.
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figure 3-23. DMTA scan of resin 6r/3,220°C post-cure scan 30-220°C.
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Only one glass transition was noted in all blends containing modifiers, an observation 
which is consistent with the postulation that the alkenyl functionalised cyanates co-react 
with both the BMI and cyanate components in the blend, to give a linked IPN.
In most cases this single Tg was higher than the first Tg of the unmodified blend.
3.6.2. Composite Systems
DMTA experiments were carried out on 10 ply unidirectional laminates of thickness 
approximately 2mm and width 10mm. The preparation of the laminates is described fully in 
chapter 4. The standard final cure schedule selected for composites was 3 hours at 220°C. 
Samples were either post-cured in a circulating air oven, or were cured at 220°C as part of 
their original cure cycle. A few early samples were given different post-cure cycles as part 
of the investigation of post-cure cycles, and these provided an interesting comparison with 
the results obtained from the same resins, presented as neat resin bars.
Unmodified resins
Much of the development work on composite preparation was carried out on unmodified 
BMI/cyanate blends containing only B30 cyanate and Compimide 353 rather than on 
blends containing modifiers, due to the limited availability of the modifiers. This resulted in 
plentiful supplies of unmodified composite which could be used to help determine cure 
cycles. It was assumed that the cure cycles used for these systems were applicable to 
systems containing modifiers, as in the case of the neat resin samples.
Blend 1/1- B30/Compimide 353 (50%/50%)
After a 180°C/3 hour cure, the composite sample had a Tg of 90°C and was clearly not 
fully cured. After a 220°C/ 2  hour post-cure the Tg had increased to 162°C, and to 165°C 
after a further hour at 250°C. These values are considerably lower than those for the neat 
resin slabs, where the Tg after 220°C/6  hours was 205°C, and 230°C after 260°C/2 hours.
It is not fully understood why the Tg s are so much lower in the composites than in neat 
resins, and a more detailed study taking into effect the full history of the samples would be 
required to fully understand these systems. As the composite and neat resin bars were 
cured in different ovens (notably a vacuum oven for the neat resin and an air oven for the 
composites) with slightly different cure schedules, a true comparison is not valid, however 
the discrepancy is nevertheless large. The effects of any adsorbed water and/or residual 
solvent present in the pre-preg prior to cure (which would not be expected in the neat 
resin systems) are difficult to rationalise.
Blend 2/1- B30/Compimide 353 (65%/35%)
This blend, containing more cyanate had a Tg of 115°C after its initial 180°C/3 hour cure. 
This rose to 165°C after a 220°C/2 hour post-cure and to 175°C after a 250°C/1 hour post­
cure. These values are very slightly higher than with the previous blend despite the lower
96
content of bismaleimide which has an inherently higher Tg. However in both cases the 
observed Tg is probably due to the Tg of the polycyanurate part of the network which one 
would expect to have a similar Tg in both cases, irrespective of the amount of bismaleimide 
present (within reasonable limits).
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figure 3-24. DMTA scan of blend 2/1 18 ply laminate.
3.6.3, Composites from modified blends
Three different modifiers were used during the composite studies, each of them at two 
different concentrations. The bismaleimide content was slightly lower in the blends used 
for composite preparation than in those used for neat resin work. This was due to 
problems experienced in processing high bismaleimide content panels and is explained 
more fully in chapter 4.
Table 3-7. Blends used in composite samples.
B le n d  n u m b er %  B 3 0  (b y  w e ig h t) %  C o m p im id e  3 5 3 %  M o d if ie r M o d if ie r  ty p e
2/1 65 35 0 none
4r/2/2 50 35 15 4rOCN
4r/2/3 35 35 30 4rOCN
5r/2 50 35 15 5rOCN
5r/3 35 35 30 5rOCN
6r/2/2 50 35 15 6rOCN
6x/2 /3 35 35 30 6rOCN
All blends contained 300ppm Cu2+ and 4phr nonyl phenol.
The panels were given a final cure temperature of 220°C, held for 3 hours.
Blend 6r/2/2 (6rOCN/B3Q/Cp353. 15%/50%/35%)
This blend gave a Tg of 175°C (figure 3-25), a modest improvement of 10°C on the 
unmodified standard (2/l).It can be seen that in this modified sample, there is no increase 
in log(E') after the Tg. This would indicate that the sample is not undergoing further cure
during the DMTA experiment, to any great extent. The unmodified system blend 2/1 
appeared to continue to cure during the DMTA experiment, suggesting that the 
incorporation of the modifiers gives a greater degree of cure for a given cure-cycle.
10.2 o
log E'
10
9.8
9.6
LUcno
9.4
9.2
log (tan
■5
8.8 -6
o o o o o o o o o o o o o o o o o o o o o o o o o o o o
CO 'T  U3 (D  I— 0 0 0 5 0 * — C M C O ’ T L D t D N f f i f f l O ' — CM CO 1£) (D I 0 0 0 ) 0  
i— . - t— r - r - T - , — C M < N I C \ l < M C \ l < M C \ J C \ ! C \ l < N C O
temperature(°C)
figure 3-25. DMTA scan of blend 6r/2/2 10 ply laminate.
Blend 6r/2/3 (6rOCN/B3Q/Cp353. 30%/35%/35%)
This system with a higher percentage of modifier gave a Tg of 165°C, the same as the 
unmodified system. As with blend 6r/2/2  there was no evidence of continued curing above 
the Tg. 15% appears to be an optimum modifier content for high Tgin these composite 
systems, whereas the neat resin system which had a higher bismaleimide content, showed a 
continued increase in Tg with increasing modifier content. With the composite studies, 
30% was the maximum modifier content used so the behaviour of composite systems with 
a higher content was not studied (at the outset the modifiers were intended to be used in 
small concentrations as the number of steps involved in their synthesis would make their 
use in large concentrations expensive).
Blend 4r/2/2 r4rOCN/B30/Cp353 15%/50%/35%l
This gave a Tg of 190°C, the highest of all the composites tested (figure 3-26). 
B\eMA^I2iL(ilQ£HIB^0lC^353J30%/35%/25^
This gave a Tg of 175°C, a decrease over the 4r/2/2 system and showing a similar trend to 
the 6rOCN based composites. Generally the 4rOCN based blends gave composites with 
higher Tg's than those containing the same percentage of 6rOCN. A major factor may be 
the lower molecular weight of the modifier. A given weight would contain more cyanate 
and alkenyl groups and combined with the shorter chain length ought to give a higher 
cross-link density.
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Although the 4rOCN system has been shown to be more reactive as a homopolymer, there 
is no evidence to suggest that this is of any benefit in the terpolymer systems used in these 
composite studies.
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figure 3-26. DMTA scan of blend 4r/2/2 10 ply laminate 
Blend 5r/2 f5rOCN/B3Q/Cp353. 15%/50%/35%l
This system gave a Tg of 170°C, an improvement of 5°C over the unmodified standard 
(figure 3-27). The increase in Tg was the lowest for any of the modifiers (at 15% 
concentration).
Several structural properties of this modifier may affect the Tg of the resultant matrix in 
different ways:
1) It has only one cyanate functional group and only one alkenyl group, compared with 
two of each for the 4rOCN and 6rOCN modifiers. Given that its molecular weight is 
similar, this could lead to a lower cross-link density and a less widespread linking of the 
polycyanurate and polybismaleimide networks. In addition two other compounds are 
present in moderate quantities (from the original synthesis), along with modifier 5rOCN, 
dimers (21) and (23) (figure 2-21) which would serve to lower the cross-link density of 
the polycyanurate and polybismaleimide networks, but not link them together.
2) The distance between the alkenyl and cyanate groups is a great deal larger. This ought 
to result in a more flexible linkage between the polycyanurate and polymaleimide 
networks, which could result in a lowering of Tg.
3) The propenyl group is more reactive than the allyl group of the other modifiers - in fact 
the DSC studies suggested that the reaction between the propenyl groups of the 5rOCN 
modifier and bismaleimides started at a lower temperature than the bismaleimide
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homopolymerisation, whereas with the allyl based systems the allyl-bismaleimide co­
reaction was indistinguishable from the bismaleimide homopolymerisation. This should 
allow for a more efficient use of the modifier, as it is more likely to be completely reacted.
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figure 3-27. DMTA scan of blend 5r/2 10 ply laminate 
Blend 5r/3 (5rOCN/B3Q/Cp353 30%/35%/35%>
This system gave a Tg of 145 °C, some 20°C lower than the unmodified standard. A 
general trend has emerged, in that the optimum concentration of modifiers (for 4rOCN, 
5rOCN and 6rOCN) is about 15%. At 30% concentration all three give lower Tg's than at 
15% concentration. A possible explanation could be that the effect of the modifiers linking 
together the two networks (and increasing Tg) is being offset by the higher content of 
oligomeric moieties (reducing Tg).
Behaviour during glass transition
In the DMTA scans of the modified blends, the fall off in E' with increasing temperature is 
shallow. For example although the Tg onset for blend 5r/2 is only 5°C higher than that for 
unmodified blend 2/1, E’ has fallen to approximately 50% of its original value on reaching 
190°C, whereas in the unmodified blend E1 has fallen to 35% of its original value on 
reaching the same temperature. This sort of behaviour demonstrates why simply quoting a 
Tg does not give sufficient information in complicated blends such as these, and suggests 
that any advantages of these modified materials might be better illustrated by mechanical 
testing at elevated temperatures.
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Table 3-8. Tp values - neat resin slab (modifier 6rOCN)
R e s in % 1 8 0 °C /3 1 8 0 °C /3 2 2 0 ° C / 2 2 0 ° C / 2 6 0 ° C / 2 6 0 ° C /
b le n d m o d if ie r h o u rs h o u rs 6  h o u rs 6  h o u rs 2  h o u rs 2  h o u rs
o n s e t ta n  3 o n s e t ta n  3 o n s e t ta n  3
1/1 0 85 155 205 235 230 265
6r/2 12.5 100 140 200 235 235 260
6r/3 25 105 140 215 255 245 285
6r/4 37.5 95 130 220 260 255 300
6r/5 50 100 135 235 270 260 305
Table 3-9. Tg values- Carbon fibre composite lOply unidirectional on T800 fibre 
220°C7 3 hour post-cure_____________________________________ ______
R e s in %  m o d if ie r M o d if ie r o n s e t ta n  3
blend 2/1 0 none 165 190
4r/2/2 15 4rOCN 190 225
4r/2/3 30 4rOCN 175 255 (not well 
defined)
5r/2 15 5rOCN 170 200
5r/3 30 5rOCN 145 250 (not well 
defined)
6x1212 15 6rOCN 175 203
6 r /2 /3 30 6rOCN 165 200
Table 3-10. Tp values- comparison of neat resin versus composite for selected blend (1/1)
1 8 0 °C /3
h o u rs
1 8 0 °C /3
h o u rs
2 2 0 ° C /  
6  h o u rs
2 2 0 ° C /  
6  h o u rs
2 5 0 ° C /  
2  h o u rs
2 5 0 ° C /  
2  h o u rs
o n s e t ta n  3 o n s e t ta n  3 o n s e t ta n  3
neat resin 85 155 205 235 230* 2 6 5 *
lOplyCFC 90 120 165 195 165 210
* Neat resin postcure at 260°C, not 250°C
3.7. TGA Results
3.7.1. Novel modifiers as homopolvmers
6rOCN homopolvmer
The TGA plot for the homopolymer is shown in figure 3-28, with the plot for bisphenol-A 
dicyanate shown in figure 3-29 for comparison.
The degradation profile for 6rOCN is similar in shape for both atmospheres, with weight 
loss occurring at slightly higher temperatures when nitrogen is used. This would be 
expected as oxidative degradation as well as thermal degradation can occur in air. Full 
tabulated results for all TGA experiments are given at the end of this section.
At first sight, it would appear that the results for B30 and 6rOCN are very similar, 
however some thought must be given to possible degradation processes, and how they will 
affect the percentage weight loss of the whole resin. In B30 resin, cyanate groups account 
for approximately 19% of the total weight (and similarly triazine groups account for 19% 
of total resin weight in the cured resin). In 6rOCN resin, cyanate accounts for only 6.5%
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of total resin weight. This would suggest that although 10% weight loss occurs at similar 
temperatures in both resins, the degradation in 6rOCN is not necessarily due to the same 
processes.
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figure 3-28. TGA plot of 6rOCN homopolymer in air and nitrogen, 4 Kmin"1
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figure 3-29. TGA plot of B30 cyanate in air and nitrogen.
Close inspection of the results (with reference to the first derivative of the curves) shows 
that weight loss, although small at first, starts at a lower temperature for the 6rOCN 
system. DSC studies have already suggested that the oligomeric cyanates do not
102
polymerise to the same extent as, for instance bisphenol-A dicyanate, as a homopolymer. 
Carbamate formation, by unreacted cyanates, and subsequent decomposition with the 
evolution of carbon dioxide could therefore be responsible for the earlier decomposition 
onset in the oligomeric cyanates.
More generally in these systems, both polycyanurate ester decomposition and 
polyethersulphone decomposition may occur. General cyanate decomposition processes 
are discussed in detail by Pankratov et a/.105, and polyethersulphone mechanisms by 
Famham and Johnson88 in their original papers on these polymers. Unfortunately the 
different processes could not be identified using a standard TGA apparatus so any further 
discussion of decomposition mechanisms would be purely speculative.
A comparison was also made between crude resin (as used in composite testing) and 
purified material. The purified material showed a slightly larger weight loss than the crude 
resin up to 300°C. Comparison by NMR showed no difference between the crude and 
purified materials, however trace levels of impurity do exist in the crude material 
(microanalysis showed that the crude product was not pure), but their nature is not 
known. In some cases, impurities in resins can have an adverse effect on thermal stability 
(particularly radical initiator species), although this is not observed here. DSC experiments 
showing that the crude material is more reactive have already been discussed and it is 
possible that a greater proportion of the cyanate was converted to triazine during the cure 
cycle (15 minutes at 300°C) than in the purified system (although no attempt was made to 
verify this). If this were the case, the effect of moisture on unreacted cyanate, a major 
contributor to cyanate degradation, would be lessened.
4rOCN homopolvmer
The TGA plots (figure 3-30) differ slightly from the 6rOCN profiles and are more similar 
in nature to the bisphenol-A dicyanate curves, with onset of weight loss at about 350°C, 
slightly higher than for the 6rOCN system. The backbone structure is different, and this 
may account for the different profile. Again, degradation occurs more quickly in air.
5rOCN homopolvmer
It can be seen that the decomposition profiles (figure 3-31) for this compound differ 
considerably depending on the purge gas used, and that the initial decomposition is faster 
in nitrogen than in air (it is usually the other way round). Decomposition onset 
temperatures are similar to the 4rOCN system.
Chemical differences in this system compared to the previous 2 are:-
1) This system cannot crosslink to the same extent as the others as the majority of cyanate 
containing molecules are mono-functional (in cyanate).
2) It contains propenyl (rather than allyl) double bonds.
It is not understood why initial decomposition occurs more quickly in nitrogen, but as
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these processes occur at a temperature far above the expected operating temperature of 
the materials, no further investigation into this effect was carried out.
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figure 3-30. TGA plot of 4rOCN homopolymer in air and nitrogen
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figure 3-31. TGA plot of 5rOCN homopolymer in air and nitrogen.
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3,7.2. Copolymer systems
6rOCN/DDM-BMI
The 1:1 copolymer (figure 3-32) exhibits slightly higher thermal stability than the cyanate 
homopolymer.
The resulting copolymer network ought to be much more highly crosslinked than the 
cyanate homopolymer networks, hence the higher thermal stability.
4rOCN/DDM-BMI system and 5rOCN/DDM-BMI system both show higher temperatures 
for a given weight loss than the respective homopolymers, as expected. In both cases 
degradation occurs more quickly in air than in nitrogen. Tabulated results are shown in 
table 3-12.
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figure 3-32. TGA plot of 6rOCN:DDM-BMI 1:1 
Compimide 353:6rOCN:B3Q systems
The resins were mixed and catalysts (copper(II) naphthenate at 300ppm Cu(II)) and nonyl 
phenol at 4phr) added prior to cure. A cure schedule of 1 hour at 170°C followed by 2 
hours at 180°C was used. These systems seem to exhibit slightly lower thermo-oxidative 
stability than the uncatalysed model-systems described above. For example a 1:1 
copolymer of Compimide 353 and 6rOCN showed 10% weight loss at 302°C in air, some 
55°C lower than the DDM-BMI/6rOCN uncatalysed copolymer. The incorporation of the 
catalysts would be expected to increase the degree of conversion of cyanate and hence 
increase cross-link density. Tabulated results are given in table 3-13.
In retrospect, the final cure temperature used for these resins was a little low, and the 
lower thermal stability is probably due in part to attack by water on unreacted cyanate,
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leading to carbamate formation and eventual emission of carbon dioxide.
Compimide 353 was also analysed as a homopolymer, for reference purposes - onset of 
weight loss occurred at about 400°C in nitrogen and 350°C in air.
3.7.3. Conclusions to TGA studies
One or two interesting anomalies were noted, particularly with the 5rOCN system. To 
properly investigate these, and normal degradation processes, would require more work 
with apparatus such as TGA-FTIR or TGA-MS. Nevertheless, these studies demonstrate 
that the stability of these resins towards weight loss is comparable with that of the 
commercial resins tested. Significant weight loss in air does not occur below 300°C in 
most cases - since these materials have Tg's in the 200°C region, the temperatures at which 
weight loss is observed are above the proposed maximum use temperatures of these resins.
Tabulated TGA data
Table 3-11. Temperatures for given weight loss- homopolymers
%  w e ig h t  
lo s s
6 rO C N
(n itro g en )
6 rO C N
(air)
4 r O C N
(n itro g en )
4 r O C N
(a ir)
5 r O C N
(n itro g en )
5 r O C N
(a ir)
2 2 1 2 249 308 316 321 315
5 304 291 379 376 357 351
10 356 332 404 404 385 381
20 410 380 425 430 406 404
30 443 409 478 485 415 426
40 476 436 530 511 429 475
50 502 457 554 525 479 515
Table 3-12. Temperatures for given weight loss- 1:1 blends with DDM-BMI
%  w e ig h t  
lo s s
6 rO C N
(n itro g en )
6 rO C N
(air)
4 r O C N
(n itro g en )
4 r O C N
(air)
5 r O C N  
(n itro g e n ) .
5 r O C N
(a ir)
2 351 323 319 316 341 3 3 2
5 385 357 364 346 393 383
10 411 381 393 369 420 413
20 445 414 430 404 449 451
30 486 448 474 440 506 497
40 522 478 508 471 552 523
50 542 499 529 492 575 538
Table 3-13. Temperatures for given weight loss-terpolymer blends
%  w e ig h t  
re m a in in g
b le n d  1 /1  
(no m o d ifie r)
b le n d  6 r /2  
1 2 .5 % 6 r O C N
b le n d  6 r /3  
2 5 %  6 r O C N
b le n d  6 r /4  
3 7 .5 %  6 r O C N
b le n d  6 r /5  
5 0 %  6 r O C N
5 270 231 250 231 246
10 311 266 288 266 302
20 344 330 333 330 345
30 364 361 359 361 372
40 387 389 386 389 401
50 418 419 418 419 428
Analyses carried out in air.
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3,8. A kinetic analysis of DSC data
As a first approximation kinetic analysis of DSC data provides a convenient method of 
obtaining kinetic parameters for cross-linking resins. The basic assumption made is that the 
amount of heat given out is proportional to the degree of conversion. Data are usually only 
taken up to the gel point (50-60% conversion for cyanates) as diffusion control begins to 
take effect afterwards.
3.8.1, Basic theory
Heat flow and temperature data were obtained through the DSC exothermic reaction 
peaks at a variety of heating rates and were analysed using the simple wth order model106 :-
dt
where n is the reaction order and k  is the apparent rate constant which is assumed to be of 
the Arrhenius form,
k = A e^E,RT)
A being a constant, E  the apparent activation energy and T  the absolute temperature.
Using the logarithmic form of equation (1):
In(— )= In A ~(E/RT)+n ln( 1 -  a) 
dt
A simple linear regression of
doc 1 jEy  = ln(— )-wln( I - a )  versus — yields as the slope and In A as the intercept of the
dt T R
regression line, for a given fixed value of the reaction order n,
3.8.2. Results of kinetic analysis
Plots derived from DSC data at 10 Kmin-1 for monomers 4rOCN, 5rOCN and 6rOCN as 
homopolymers (uncatalysed) are shown in figure 3-25. Kinetic parameters are summarised 
in table 3-14. In all cases the data were best fitted to a first order model.
The results for the 6rOCN homopolymer are similar to that for bisphenol-A dicyanate, 
except that the overall enthalpy is lower. For the 4rOCN system, the apparent activation 
energy is much lower, possibly as a result of the different backbone structure.
The apparent activation energy for the mono-functional modifier, 5rOCN is the lowest of 
all. The structure around the cyanate group is similar in nature to bisphenol-A dicyanate 
itself so such a decrease in activation energy would not be expected.
When considering these data, the considerable effect of even minute traces of impurities 
(such as water) must be remembered. The monomers were purified by column
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chromatography prior to use, however it is probable that traces of unreacted phenolic -OH 
and water were present, and the levels of these could not be quantified. This made 
comparisons between monomers, and with other workers' results difficult.
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figure 3-33. ln(rate) v e r su s  1000/T plot for various monomers 
(fixed first order plots)
Table 3-14. Kinetic Parameters derived from DSC data
M o n o m e r A H , k J m o l-1 A H , k J  p e r  
m o l c y a n a te
A p p a r e n t  f i r s t  o r d e r  
A c tiv a tio n  e n e r g y  
E , k J m o l'1
L n A c o r r e la t io n
c o e f f ic ie n t
6rOCN -147 -73.5 212 39.8 1.000
4rOCN -155 -77.5 148 27.0 0.999
5rOCN -93 -93 134 23.7 1.000
B10 -186 -93 235 42.7 0.989
All data acquired at 10 Kmin'1 heating rate
It must be stressed that these DSC kinetic analyses were employed as a means as 
quantifying some of the observations made during routine DSC analysis, and were not 
intended to constitute a detailed investigation of the mechanisms of reaction of the novel 
cyanates (this must be borne in mind if comparisons with more detailed kinetic analyses are 
made).
Other workers have concluded that the uncatalysed trimerization is not well fitted to a 
simple first order fit, and that the reaction is autocatalytic, whereas catalysed systems can 
be fitted to a simple second order modeK63’64-65).
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3.9. Conclusions of Thermal Analysis Results
DSC showed that the difunctional monomers 4rOCN and 6rOCN could be thermally 
polymerised, with an overall reaction enthalpy slightly less than that observed for low 
molecular weight monomers. The co-reaction of all three modifiers with DDM-BMI was 
demonstrated, with modifier 5rOCN apparently reacting with DDM-BMI at a lower 
temperature than allyl functionalised modifiers 4rOCN and 6rOCN.
DMTA showed that mild increases in Tg could be gained, by the use of all modifiers, and 
suggested that the retention of mechanical properties near the Tg would be markedly better 
in blends containing the modifiers. This technique also suggested a degree of heterogeneity 
in the morphology of some cyanate/BMI blends, with polycyanurate and polybismaleimide 
networks apparently showing different glass Tg s.
TGA showed that the thermal stability of the B30/Compimide 353 blend was not 
significantly reduced by the incorporation of modifiers.
The DSC kinetic analyses were not conclusive, and with hindsight it may have been more 
useful to consider catalysed homopolymers, the results of which ought to be more 
reproducible, and which would be more applicable to a real system.
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Chapter 4. Composite Studies
Experimental Techniques and Conditions
4.1. Introduction
An introduction to composite materials is given in chapter 1. The materials studied during 
the course of this work were primarily intended to be used as matrix resins for Carbon 
Fibre Composite structures, so a programme of work to investigate some of the properties 
of such composites prepared from the new resins was instigated. The modifiers were all 
synthesised on a laboratory scale, limiting their availability and the size of composite 
panels that could be prepared. This allowed only a limited number of mechanical tests to 
be carried out, so the choice of tests needed careful consideration. As it was the resin 
which was of interest, it was decided to concentrate on measurements which would not be 
fibre dominated. A series of mechanical tests to determine inter-laminar shear strength 
(ELSS), flexural modulus and strength, compressive strength and mode 1 fracture 
toughness were carried out on composite specimens prepared from each of a series of 
resin blends. Fibre content analyses were performed on samples from each of the panels 
used for tests, and Scanning Electron Micrographs (SEMs) of fracture surfaces were 
recorded.
A difficulty with some of the measurements performed is that a fairly wide distribution of 
values may be recorded for a particular property. The problem is made worse by the 
limited amount of information available on experimental composite systems such as those 
studied in this work, and the difficulty in optimising the preparation and processing 
conditions in the time available. These factors must be borne in mind when analysing the 
results of the various tests, and care must be taken not to draw too many conclusions from 
the limited data available. The tests carried out were not intended to be a comprehensive 
assessment of the properties of composites prepared from the novel materials synthesised 
during this project (such a detailed study would be way beyond the scope of this work), 
but were meant as an initial screening process, to highlight resin combinations with 
potential to be developed further as high performance composites, and to give some 
insight into the processes responsible for particular observations.
This first part of the chapter describes each of the techniques used and the choice of 
materials, particular conditions for processes, etc. The second part is concerned with the 
results of the tests, how they effect the possible use of the materials and a discussion of 
how the chemical nature of the resins relates to the observed mechanical properties.
4.2. Preparation of Carbon Fibre Reinforced Composite Panels
Composite panels were prepared from "pre-preg" (carbon fibre pre-impregnated with the 
appropriate blend of resins), laid-up according to the thickness of panel required and cured 
using the autoclave technique.
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4.2.1. Choice of Materials
Before work could start, suitable materials needed to be found. The two components in 
the type of composite material studied in this work are the reinforcing fibre and the matrix 
resin, and compatible examples providing the required properties were required.
Fibre
The main criteria for choice of fibre were performance (i.e., a fibre designed for use in 
high Tg, high performance composites), cost and availability (any fibre used would ideally 
be a readily available commercial fibre). Toray T800HB, an epoxy-sized 6,000 filament 
per tow fibre commonly used for bismaleimide and epoxy composite systems, fitted all 
criteria.
"Sizing" refers to the thin layer of resin, epoxy in this case, which is coated onto the fibres 
at the end of their production. Sized fibres hold together much more than unsized fibres 
and are generally much easier to work with, and the size may provide a "key" with which 
the resin can bond to the fibre (the resins may also bond directly to the fibre).
Resin
The choice of resins was somewhat limited by the very nature of the project, but the 
choice of the two commercial resins (one cyanate ester and one bismaleimide) and a 
catalyst combination (for the cyanates) still needed consideration. The main criteria for 
resin choice were availability, cost, compatibility, ease of handling, processing 
requirements and performance.
The cyanate ester chosen was AroCy B30, a pre-polymer based on bisphenol-A dicyanate 
and produced by Ciba Polymers. It is one of the cheapest and most common commercial 
cyanates and offers a good all-round combination of properties. A low-melting solid, it is 
easily melt blended at about 80°C and does not advance significantly at this temperature 
even after addition of the catalysts. A sample was kindly donated by Mr D.AShimp (Ciba) 
for research purposes.
The bismaleimide chosen was Compimide 353, a near eutectic mixture of three 
bismaleimide monomers (see figure 4-1) produced by Technochemie GmbH and kindly 
donated by Dr H.D. Stenzenberger (Technochemie) for this research. It has a lower 
melting point than DDM-BMI thus making it easier to blend and process, but has similar 
cure characteristics and thermal properties.
Compimide 353 (abbreviated to Cp353) and B30 could easily be melt blended (at about 
80°C) to give a homogeneous blend, which after addition of catalyst and dilution with 
acetone gave a blend which was well suited for pre-impregnation onto fibre.
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Catalysts
A catalyst was necessary to advance the cure of the cyanate components in the resin blend 
(see section 3.5.3. on DSC for an example of the effect of the catalysts). Typically 
mixtures of transition metal complexes and nonyl phenol are used, the choice of catalyst 
affecting the properties of the cured resin108. Copper(II) naphthenate (at 300ppm copper) 
and nonylphenol (at 4phr) were chosen as the catalyst combination, this combination 
having been reported to give one of the best all-round combinations of Tg, thermal stability 
and moisture uptake.
A) 4,4'-bismaleimido diphenylmethane 
(DDM-BMI)
O
B
B) 2,4-bismaleimido toluene
CH3 CH3
N -C H , CH- •CI^— CI^— N
CH,
O
C) l,6'-bismaleimido-2,2,4-trimethylhexane
figure 4-1. Components of Compimide 353 
Approx. ratio of A:B:C (by weight)= 55:30:15
4.2.2. Preparation of Pre-Impregnated Fibre ("Pre-Preg")
A means of coating the resins onto the fibres was required, and the technique used is 
known as pre-impregnation (often called "pre-pregging). Solution pre-impregnation was 
employed, the main reason being that the small-scale pre-pregger used for this work did 
not have a hot-melt capability. A secondary consideration was that the resin blends may 
have required the addition of some viscosity modifiers if the hot-melt technique had been 
used. The effect of the oligomeric modifiers was to increase the viscosity somewhat, 
compared to the unmodified blends, but this effect was not investigated quantitatively. The 
preparation of a solution of the resins, of a suitable viscosity was therefore necessary.
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The catalysts, in the correct ratios were mixed thoroughly at room temperature to give a 
homogeneous mixture (it was found to be convenient to do this on a large scale, as the 
mixture did not separate with time and could be stored for long periods). Typically about 
70g total resin was used and the various components were weighed out prior to blending. 
The B30 was first heated to about 80°C in a glass beaker, then the Cp353 was stirred in to 
give a homogeneous mixture. The next step depended on the modifier used and slightly 
different methods were needed :
1) For blends with no modifier, the catalysts were stirred in, the heat was removed and 
acetone was added to give a homogeneous mixture approximately twice the volume of the 
resins (about 150ml for a 70g sample).
2) For blends containing either 6rOCN or 5rOCN modifier, the modifier was simply melt- 
blended into the mixture at 80°C, followed by the addition of the catalysts and acetone as 
described above.
3) For blends containing the 4rOCN modifier, the heat was removed from the B30/Cp353 
blend and acetone was added to bring the total volume up to about 100ml. A solution of 
the modifier was then stirred in, followed by the catalysts to give a homogeneous mixture 
approximately 150ml in volume. This modified procedure minimised the time for which the 
resin blend was heated to elevated temperatures in the presence of catalysts. The 4rOCN 
modifier was found to be more reactive than the others and if care was not taken, it was 
liable to gel during blending.
The resulting blends were generally stable for 3-4 days, after which some precipitation 
could occur. In other cases, the resins were likely to gel if stored at room temperature for 
several weeks (the problem was worse in the case of the more reactive modifier, 4rOCN). 
If refrigerated the blends could be kept for several months, then heated slightly to restore 
homogeneity prior to use.
Coating of fibres
The pre-pregger was of the drum winding type, where fibre from a single creel was passed 
via a series of rollers through a bath of the resin solution, before being wound onto a 
rotating drum covered in release paper. The roller/ resin bath assembly was moved across 
the rotating drum at a rate such that the fibre on the drum would just overlap from one 
revolution to the next. This gave a continuous sheet of resin impregnated fibre ("pre- 
preg"), approximately 1 layer of fibre thick on the drum. Some adjustment of the speed of 
the drum and resin bath motors was necessary to obtain even coverage of a suitable 
thickness.
After winding to give a sheet of pre-preg of suitable width the drum was allowed to rotate 
for approximately about eight hours to dry the pre-preg. The pre-preg was then cut from 
the drum and placed onto another sheet of release paper, such that the coated fibre was
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held between two sheets of release paper (waxed side facing the fibre in both cases). The 
amount of time for which the pre-preg was allowed to dry was important in order to 
achieve good "tack" and "drape" - i.e. it should be sticky or "tacky" enough to allow 
successive layers of it to be stuck together, and retain a reasonable amount of flexibility 
(drape). Good tack and drape are particularly important in the moulding of structures with 
complex shapes. It was found that different resin blends required slightly different drying 
times.
The drum used allowed preparation of sheets of pre-preg up to a maximum size of 960mm 
x 290mm, and this was the size prepared routinely.
At this point the pre-preg was either laid-up immediately, or stored in a freezer (at -18°C) 
in sealed bags to minimise unintended advancement of the resins prior to curing and 
moisture adsorption.
4.2.3. Laving-up of Panels
Lay-up is the process of combining several layers of pre-preg to give a multi-layer "panel". 
For these studies unidirectional lay-up was used, where each layer of pre-preg was aligned 
in the same way as the previous one, such that all of the fibres were parallel to each other. 
So-called unidirectional panels are much stronger along the length of the fibre than 
perpendicular to it (they are anisotropic), and for general-purpose use, multi-directional 
lay-up with successive layers of pre-preg aligned differently is desirable. However, for a 
series of strictly controlled tests such as those carried out in these studies, unidirectional 
composites are the preferred standard.
Pre-preg to be laid up was either used directly from the pre-pregger or after thawing, if it 
had been stored (it was important to allow the pre-preg to warm to room temperature 
before removing it from the sealed bags, to reduce water adsorption and condensation). 
Two thicknesses of panel were used routinely : 
lOply unidirectional for all tests except G1C fracture toughness, and 
18ply unidirectional with PTFE insert for G1C fracture toughness tests.
The pre-preg with release paper still attached was then cut into several smaller pieces, of 
the appropriate size. For lOply panels a standard sheet of pre-preg (960mm x 290mm) 
would be cut into 10 pieces each 192mm (parallel to fibre) x 145mm (perpendicular to 
fibre).
For 18ply panels the sheet of pre-preg would be cut into 18 pieces each 160mm (parallel 
to fibre) x 96mm (perpendicular to fibre).
Successive layers were stacked after removal of the release paper from one side until a 
panel of the required number of plies was obtained. The panel was carefully rollered 
between the addition of layers to press the sheets of pre-preg together. For the 18 ply
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panels, a PTFE insert was placed at one end 50mm into the panel, after 9 plies as shown in 
figure 4-2 (see section 4.3.5. on fracture-toughness tests).
main panel
50mm
fibre direction
PTFE insert
figure 4-2. Arrangement of PTFE insert in 18ply panels (plan view)
4.2.4. Curing of Panels
Two techniques were available for curing small flat panels such as the ones used in this 
work, press-cure and the autoclave technique. Previous workers109 using the same 
equipment on similar types of panels had found the autoclave to give much better results. 
With the press-cure technique, the panel is sandwiched between two metal plates. As they 
are heated, the viscosity of the resin changes, and as it reaches a suitable viscosity a 
pressure is applied to the plates. The point at which the pressure is applied is critical - if it 
is applied too early too much resin is lost and a dry panel results; too late and the panel 
may not consolidate properly resulting in voids. Clearly the temperature-viscosity profile 
of the resin must be well understood. The problem with research of this nature, where the 
resin systems are very new and not yet fully characterised, is that the temperature-viscosity 
profiles may be variable. In the case of this work several resin blends were in use, and in 
addition the amount of residual solvent in the pre-preg (which can affect viscosity) was 
also somewhat variable, discouraging the use of this technique.
An autoclave is a large oven which has the facility to be pressurised. In this technique, the 
panel is sandwiched between a large metal plate (the "bedplate") and a smaller plate the 
same size as the panel (the "caul” plate). The panel and caul plate (together with several 
additional layers-see figure 4-3) are then enclosed in a vacuum bag and the whole 
assembly is placed in the autoclave. During the heating process a pressure is applied inside 
the autoclave, the effect of which is to consolidate the panel. Advantages of this technique
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are that several panels can be cured at once, and that larger or curved panels can be cured. 
Disadvantages are high running costs and the requirement of a highly skilled operator.
The problem of residual solvent in the panels used in this work was to a large extent 
overcome by the application of a vacuum to the panel assembly, overnight prior to cure.
In this work the panels were arranged inside the autoclave as shown in figure 4-3. The 
various layers of PTFE and breather were arranged to allow the vacuum to reach the 
panel, thus helping remove any trapped air or solvent. Edge-dams were used to restrict the 
flow of resin away from the panel during cure - it was found that if they were not used, dry 
panels resulted from excess loss of resin.
PTFE (porous]
breather panelvacuum bag caul plate
vacuum line
edg e-dam
sealant
idplate (porous)
PTFE (non-porous)
(porous)
figure 4-3. Arrangement of panels for autoclave cure 
Cure Cycle and Blend Development
Cure cycle and blends are dealt with simultaneously as the two were very interdependent 
in this work. The original cure cycle used was a simple ramp from room temperature to 
180°C at 2 Kmin*1, followed by a 3 hour isothermal cure at 180°C. A vacuum was applied 
to the panels overnight prior to cure, and was vented as the pressure in the autoclave 
reached 30psi. A pressure of lOOpsi was gradually applied in the autoclave at the 
beginning of the heating cycle and was held throughout. After the heating phases, the 
autoclave was cooled to 65°C at a rate of 3 Kmin-1.
The first batches of panels were all based on resins containing 50% Cp353, and 50% 
mixed cyanates (these were blends 1/1, 6r/2, 6r/3, 6r/4 and 6r/5, the contents of which are 
given in section 3.6.1.) and these all gave poor quality panels, particularly those with a
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higher modifier content. The Cp353 content was dropped to 35% to allow greater 
incorporation of B30 cyanate, as the problem with the panels was poor consolidation, a 
problem often caused by a resin that is too viscous. B30 was the lowest melting of the 
resins used and increasing its concentration would hopefully decrease the overall viscosity 
for a given temperature and improve the consolidation.
The newer lower bismaleimide content blends, full details of which are given in table 4-1, 
did give slightly better results, but void free panels could only be consistently obtained 
from panels based on resins with no modifier. The incorporation of the modifiers still 
seemed to be increasing the viscosity of the blends to an extent where poor quality panels 
resulted. Fibre content analyses later revealed that all panels cured with the original cure 
cycle (including those which gave good C-scans) had low fibre contents (approximately 
35%).
To allow the panels more time to consolidate during cure, a one hour "soak" was included 
in the cure cycle - i.e. the heating run was interrupted and the autoclave was held 
isothermally for one hour, before heating to the final cure temperature. The position of the 
soak was determined by preliminary viscosity measurements on one of the blends (blend 
6x1212 containing 15% of 6rOCN modifier). Its viscosity was at minimum at about 90°C, 
after which it would begin to gel, so the soak was initially set at 90°C. In addition the 
heating rate was reduced to 1 Kmin-1 and the maximum cure temperature increased to 
220°C (DMTA studies had suggested a 220°C/ 3 hour post cure was desirable and this was 
incorporated into the main cure cycle for convenience). The quality of panels (as assessed 
by ultrasonic C-scan) obtained with this cure cycle was much improved.
Panels based on blends containing 5rOCN and 6rOCN modifiers could now be routinely 
cured, however those based on the more reactive 4rOCN modifiers still gave problems. 
Lowering the soak to 70°C for panels based on 4rOCN modifiers solved this problem.
250
B lends not containing 4<OCN200
150
I  100
Blends containing 4rOCN
350 450 500200 250 300 4000 50 100 150
time (minutes)
figure 4-4. Autoclave cure cycles.
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4.2.5. Quality Assessment of Panels - " C-Scan"
All panels were checked for voids with an ultrasonic scan, known as a C-Scan, where an 
ultrasonic beam is passed through the panel and the attenuation recorded. A brief 
overview of the technique, as applied to assessment of void content is given here, however 
a detailed description is beyond the scope of this work and can be found elsewhere^110’111). 
The attenuation at a given point will depend on the nature of the panel at that point, and 
by moving the scanner over the entire surface of the panel, a "picture" can be built up. 
Voids result in an almost total loss of signal and are shown in white, on the apparatus used 
for this work. Resin rich areas, which have a higher attenuation than normal composite are 
also shown either in white or a light grey (depending on their severity). Normal composite 
is shown in black or dark grey. The format of the data output may vary slightly on 
different apparatus. Some examples of C-scans of different quality panels are shown in 
figures 4-5 and 4-6. The method used was double transmission using a glass reflector 
plate.
C-Scan of panel AC048 
Blend 4r/2/3 on T800 
10 ply unidirectional 
70°C soak
Figure 4-5. C-Scan showing a good quality panel.
C-Scan of panel AC037 
Blend 4r/2/3 on T800 
10 ply unidirectional 
90°C soak
figure 4-6. C-Scan showing poor quality panel containing large voids, 
and demonstrating the effect of different cure cycles.
119
4.2.6. Post-Cure of panels
This was not necessary for later panels which had been subjected to 220°C for three hours 
as part of the original cure cycle. For earlier samples and higher post-cure temperatures, 
post-curing was carried out in a circulating air oven. It was carried out after C-scanning so 
that for panels with only small areas of unusable material, the areas containing voids could 
be cut out before heating. Failure to do this could result in expansion of the voids and 
further damage to the panel.
4.2.7. Cutting samples to correct size
Samples were cut to the size appropriate for particular tests using a diamond toothed 
circular saw. Sample dimensions are given in the sections containing details of individual 
tests.
4.3. Mechanical Test Methods
The equipment and conditions used for the mechanical tests performed are reported in this 
section. All tests were based on those recommended in the CRAG report111, and a 
minimum of five samples were tested for each resin blend.
4.3.1. Equipment
Apart from the G1C measurements, all of the tests described below were carried out on 
Instron 1185 and Instron 1122 screw-driven mechanical testing machines which gave a 
readout in the form of a load /deflection graph. Particular details for each test are 
described in the following sections.
G1C measurements were carried out on an Instron 4301 screw-driven machine.
4.3.2. Interlaminar Shear Strength fTLSSl
In this test samples were placed in a three point bend jig, with the span to depth ratio low 
enough to produce matrix shear failure rather than flexural failure. The method is that 
described in the Composite Research Advisory Group (CRAG) report111, more detail 
being available on these tests in general in the ASTM standard method112. Interlaminar 
shear strength is dependent on the strength of the fibre-resin interaction and on the shear 
strength of the resin and failure can occur either at the fibre-resin interface or in the matrix 
itself. If the fibre-resin interface is relatively weak, the failure will tend to occur at the 
interface, and similarly if it is relatively strong, failure will occur in the matrix.
The usefulness of these tests as a stand-alone measurement for research purposes is 
limited, as the failure mechanism may not be known. A test such as fibre-pull out might 
supply more detailed information about the fibre-resin interface, but the ILSS test remains 
attractive because of its simplicity and is useful as a quality control tool.
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figure 4-7. Three point bend test arrangement-for ILSS test, s=5t (approx.)
Sample dimensions 
length 20mm (along fibre) 
width 10mm 
thickness 2mm
Thickness ( t ) and width (w) were measured using a micrometer.
Test Conditions
S=span between supports, t= sample thickness
For the tests used in this work, tn=2mm (nominal thickness) and S=10mm.
A roller thickness of 6mm was used for all rollers.
Crosshead speed used was 1 mm min-1.
Load at failure (P) was recorded.
Calculations
Interlaminar shear strength is given by 
ILSS= 0.75P/wt
For ILSS data to be valid, the failure mode must be either single shear, multiple shear or 
plastic deformation with evidence of shear failure111. In all cases in this work, the single 
shear type of failure was found.
figure 4-8. Single shear mode failure as observed in ILSS samples.
4.3.3. Flexural Tests.
Flexural Strength and Modulus were determined using a three-point bend jig, similar to the 
arrangement in figure 4-7 but with a much larger span to depth ratio (typically 40:1), to 
induce a flexural failure rather than an interlaminar shear. The advantages of this type of
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flexural test are that it is quick and easy to perform, the disadvantage being that the 
analysis of the results can be difficult, due to the different forces acting in the specimen 
throughout its thickness715. The flexural modulus is due to a combination of the tensile 
properties of the composite and its compression properties, but cannot be used to give 
data for these properties as the two cannot be separated. The results thus vary with the 
fibre volume fraction of the specimens. Despite these shortcomings, some useful 
comparisons can be made between different samples, provided that the fibre volume 
fractions are similar.
figure 4-9. Simplified representation of the forces acting on/in a flexural test specimen.
Approximate sample dimensions 
length = 120mm 
width = 10mm 
nominal thickness tn=2mm
Sample width (w) and thickness (t) were measured using a micrometer, at the middle of 
the specimen.
Test Conditions
S= 40xt (Span between supports, typically 80-90mm)
Crosshead speed was 5 mm min-1.
Load at failure (P) was recorded, and the slope of the load/deflection graph (m, Nmm*1) 
was calculated from the linear part of the chart readout (i.e. where the material was 
showing Hookean behaviour).
Calculations
Flexural strength (fj) is given by the formula 
, 1.5PS
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Flexural modulus (Ep) is given by the formula
F  -  S ' m  
F 4 w t3
4.3.4. Compressive Strength
Compressive strength was determined with the method outlined in the CRAG report111, 
using Celanese113 type specimens with aluminium end-tags . This method uses a jig to align 
the sample in a way that prevents buckling, thus ensuring that the failure is a true 
compression failure. Samples (approx. 110mm x 10mm x 2mm) were first cut to size, then 
sandblasted on both sides as shown in figure 4-10, to give a good "key" for attachment of 
the end-tags.
not sandblastedsandblasted
test area (10mm x 10mm)
figure 4-10. Areas sandblasted in preparation for end-tagging (plan view).
compositeend-tab
50mm50mm
10mm
figure 4-11. Side-view of Specimen prepared for compressive strength test.
The sample was not sand-blasted right up to the edge of the central test area, as excessive 
abrasion can make the sample thinner, thus weakening it and causing a premature failure 
during the test. End tags, slightly oversized (approx. 50mm xl2mm x 1mm thick), were 
cleaned with acetone to remove any grease, then glued in place with the aid of a mould (to
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leave a 10mm x 10mm uncovered area in the centre of the specimen) using a two-pack 
epoxy adhesive (Araldite® 2100- Ciba) .
The amount of resin used was such that a small excess was visible at the edges of the 
end-tabs, thus ensuring resin coverage right up to the edge of the test area. After the glue 
had cured the end-tags were filed down so that they were level with the edges of the 
specimen. The specimen could now be mounted in the test-jig (a modified Celanese jig 
based on ASTM D3419-75), which consisted of two sets of clamps arranged to allow 
compression of the specimen, but not lateral movement.
Test-Conditions
The sample width (w) and thickness (t) at the middle of the specimen were measured with 
a micrometer.
Cross-head speed was 2 mm min-1.
The load at failure (P) was recorded.
Calculation
Longitudinal compressive strength (ELC) is given by
4.3.5. Fracture Toughness Measurements
Delaminations are a major mode of failure in carbon fibre reinforced composites, and a 
measurement of the resistance to delamination growth is important when describing a 
particular resin/fibre combination. Unfortunately no standard exists, but a very widely 
adopted method is the Double Cantilever Beam (DCB) test, for determining mode 1 
fracture energy (G1C), and the DCB method was adopted for this work. The procedure 
used was that recommended in the CRAG report111 whilst more detailed information on 
delamination may be found in specialist texts such as Davies7c or reviews^114’115). The DCB 
test measures what is known as a mode I delamination (hence G1C is the property 
reported), other types being mode II and mode IE.
In a DCB specimen, a crack is initiated with a piece of thin film (such as PTFE), inserted 
into one end of the panel during fabrication (see figure 4-2). A means of attaching the 
specimen to the test machine and applying a load (see figure 4-12), such as a metal hinge is 
attached at the end where the crack has been initiated (see figure 4-13). The test machine 
must be capable of a controlled extension rate and giving an output in the form of 
extension and load.
For this work, sections of piano hinge were used and these were glued in place using a 
two-pack epoxy (Araldite 2100-Ciba), after sand-blasting the composite sample at the 
areas where the hinges were to be placed. During the test, the propagation of the crack
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must be followed, and an optical microscope was used in these studies. To highlight the 
crack, the side of the specimen was coated white ("Tippex" correction fluid was found to 
be convenient), and graduations were marked along the length of the specimen (see figure 
4-13) to enable the crack length to be determined.
figure 4-12. Stress loading for a mode I delamination.
metal hinge
graduations to indicate 
crack lengthcrack initiated by PTFE spacer
fibre direction
test area
20mm 30mm
figure 4-13. DCB specimen.
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Approximate sample dimensions 
length (L) =150mm 
width (w) =20mm 
thickness (t) =3 mm
Actual width (w) and thickness (t) were measured with a micrometer at the middle of the 
specimen.
Test Conditions
An extension rate of 0.5 mm min-1 was used, and cracks of length approximately 40mm 
were produced (a crack length of zero was taken to be the position of the crack tip before 
the test started).
The Instron testing machine gave its output in the form of a load versus extension plot, the 
crack length being marked on the graph manually as the crack-tip reached each of the 
graduations. In addition a print-out of the load and extension was taken each time the 
crack-tip reached one of the graduations. This gave a series of data points where the crack 
length, load and extension were known, although not all of these data were used 
depending on the type of data-reduction used.
Data Reduction
The method decided on here was the Area method. The area under the load/extension 
graph (A, N.mm)was calculated (by weighing a cut-out of the chart in this case, due to the 
irregular shape), to give the energy dissipated by the specimen during the test. The final 
and initial crack lengths (ax and a )^ were measured.
area (A)
load, P(N)
a2
extension (mm)
figure 4-14. Method used for data reduction.
The fracture toughness G1C is given by
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This method is popular because of its simplicity, but other methods for data reduction such 
as those based on beam theory are also in use<114’115).
4.3.6. Fibre Volume fraction
The fibre mass (Mf) of each of the composite panels was determined using a resin removal 
technique (the various methods are described in the CRAG report111). The fibre volume 
fraction (Vf) is given by
100 M fpc 
Vf (%}= fHc
M cPf
where Mc= mass of composite 
pc= density of composite 
pf= density of fibre (from manufacturers' data)
Density measurements
The density of each of the panels was determined using the displacement technique111, 
where a small sample of composite is weighed firstly in air, and then suspended in a fluid 
of lower density. The density of the sample is given by
aPx
Pc —a - b
where px= density of fluid
a= weight of sample in air 
b= weight of sample in fluid
In this case water was used as an immersion fluid, particular care being required to 
eliminate bubbles of air on the surface of the samples. The measurements were carried out 
at 23°C, at which temperature the density of water is 0.9975 gem-3. Sample weights were 
approximately 0.5g.
Removal of resin
The removal of resin allows the determination of the mass of fibre, Mf, in a composite 
sample (and also the mass of resin). The composite sample (about 0.5g) was heated in 
sulphuric acid (50ml) for approximately 10 minutes, then allowed to cool slightly, giving a 
dark brown mixture. Hydrogen peroxide (approx 50ml, 35% w/v in water) was added 
carefully until the liquid had turned colourless and all of the resin had been digested (in 
some cases further heating was required to fully digest the resin). The mixture was heated 
for a further 10 minutes, then allowed to cool before being carefully diluted with water 
(100ml). The fibres were then isolated by filtration into a pre-weighed sintered glass 
crucible, and were washed with copious amounts of cold water. The crucible and fibre
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were then dried at 150°C for 45 minutes, allowed to cool in a desiccator and weighed to 
determine the mass of fibre.
To determine the effect of the acid on the fibre, a known weight of fibre was subjected to 
the same conditions as the composite samples being analysed. No weight loss was noted, 
so no correction factors were needed in the calculation of fibre mass fraction.
Results and Discussion
4.4. Results from Mechanical Testing
Composite samples from each of seven blends of resin were subjected to a series of 
mechanical tests including Interlaminar Shear Strength, Flexural Strength and Modulus, 
Compressive Strength and Fracture Toughness.
4.4.1. Blends Analysed
Composites prepared from six resin blends containing one of the modifiers 4rOCN,5rOCN 
or 6rOCN were tested. A composite sample containing no modifier was also prepared and 
tested, as a standard by which the effect of the modifiers could be evaluated.
The blends analysed are shown in table 4-1.
Table 4-1. Blends analysed
R e s in  B le n d %  B 3 0  (b y  w e ig h t) %  C o m p im id e  3 5 3 %  M o d if ie r m o d if ie r  ty p e
2/1 65 35 0 none
4r/2/2 50 35 15 4rOCN
4r/2/3 35 35 30 4rOCN
5r/2 50 35 15 5rOCN
5r/3 35 35 30 5rOCN
6r/2/2 50 35 15 6rOCN
6 t/2I3 35 35 30 6rOCN
4.4.2. Comparison with Other Workers* Results
This is important with any type of research and in this case it presents a variety of 
problems. The aim of the project was to synthesise and evaluate novel modifier resins, 
designed to be blended with commercial resins to improve the properties of the blend. The 
results obtained from the type of tests carried out during this work are difficult to compare 
with others' work, due to the large number of variables which may affect them and for this 
reason any comparisons made with the work of others must be taken very tentatively 
unless the exact test conditions are known (frequently they are not given). To evaluate the 
performance of the resin blends used in this work, a comparison was made with an 
unmodified blend of the two commercial resins (Compimide 353 and AroCy B30). Apart 
from the composition of the blend, which by the very of the nature of the work varied, all 
processing and test conditions were exactly the same as those used for the modified
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blends. Unfortunately the variations in fibre volume fractions of test samples made 
comparisons difficult in some cases.
Some references are made to other in-house measurements on similar systems where the 
exact conditions for measurements were known, and were suitable for a valid comparison.
4,4.3, Interlaminar Shear Strength
Data from Interlaminar Shear Strength tests are shown in table 4-2, and are shown 
graphically in figure 4-15.
table 4-2. Interlaminar Shear Strength results___________________________________^
R e s in  B le n d IL S S  (M P a) s ta n d a r d  
d e v ia tio n  (M P a)
f i b r e  v o lu m e  
fra c t io n , Vf  ( % )
d e n s ity  (p c)  
g e m ' 3
2-1 104 6 33 1.47
4r-2-2 115 2 40 1.49
4r-2-3 101 4 54 1.58
5r-2 113 5 45 1.55
5r-3 92 5 55 1.59
6r-2-2 . 113 3 45 1.52
6r-2-3 110 7 44 1.57
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figure 4-15. ILSS .
Blend 4r-2-2 with 15% of modifier 4rOCN shows an increase of 1 IMPa in ILSS over the 
unmodified blend 2/1, however at the higher concentration of 30%, the ILSS falls back to 
a value similar to that of the unmodified blend. There appears to be a small increase in 
ILSS (from 104 to 1 lOMPa) going from the unmodified blend to blend 5r-2 containing
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15% of modifier 5rOCN, however the increase could be accounted for by experimental 
error in this case. As the concentration of modifier is increased to 30% the ILSS falls 
noticeably to 92MPa. A slight increase in ILSS (from 104 to 113MPa) is again noticed in 
the blend containing 15% of modifier 6rOCN, with the blend containing 30% modifier 
showing a similar ILSS of 1 lOMPa.
General Trends
Overall the addition of 15% functionalised cyanate to the unmodified blend gives a slight 
increase, of up to 10% in ILSS, followed by a decrease in ILSS as the concentration of 
modifier is increased to 30%. The failures in these test specimens could have occurred 
either at the fibre-resin interface, or in the matrix itself. Since the actual failure modes were 
not investigated, both possibilities must be considered.
1) Resin-flbre interface failure. The resin can react with the fibre via the epoxy size in 
this case (the cyanate-epoxy co-reaction to form oxazolinidones is well characterised (see 
section 1.5.2.) but less is known about how bismaleimides interact with the size), but since 
the modifiers contains less reactive groups (per unit mass) than the unfunctionalised B30, 
no simple explanation can be given. The T800HB fibre used is optimised for bismaleimide 
type resins, not for cyanates (no fibre type specially optimised for cyanates was available) 
and it is possible that the modifier is better able to bind to the fibre than the B30 cyanate 
which it replaced in the modified blends. Properties of cyanate based composites have 
previously been found to be very dependent on fibre type<116»29 >. The subsequent decrease 
in ILSS at 30% modifier concentration could be the result of decreased matrix strength 
offsetting any improvement in fibre-resin interface.
2) Matrix failure. Assuming that the failures occurred in the matrix, an increase in ILSS 
would translate to an increase in the shear resistance of the matrix. One possibility is that a 
small quantity of modifier could strengthen the matrix by linking together the 
polycyanurate and bismaleimide parts of the matrix. At higher concentrations the decrease 
in crosslink density due to the increasing oligomer content of the uncured blend could 
account for the subsequent lowering of ILSS. The decrease in Tg, going from 15% 
modifier to 30% modifier noted during DMTA measurements, suggests an overall 
lowering of cross-link density.
It can be seen from table 4-2 that there is a large variation in the fibre volume fraction 
between different samples. ILSS measurements are not highly dependent on fibre volume 
fraction5, and perhaps provide a better comparison of the different resins than those tests 
which are highly dependent on fibre volume fraction.
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Comparison of different modifiers.
At 15% concentration, the differences in ILSS between the different modifiers are very 
small and cannot be considered significant. At 30% concentration the 5rOCN modifier 
gives a value somewhat lower than the other modifiers and lower than the unmodified 
standard. This is possibly a result of the lower concentration of functional groups in the 
5rOCN modifier. If the failure occurred in the matrix, it could be attributed to the lower 
cross link density, and if the failure was at the fibre-resin interface, the lower number of 
functional groups would cause a weaker interface.
Conclusions
Bearing in mind the distributions of results and differences in sample quality, the 
differences between the unmodified blend and the blends containing 15% modifiers cannot 
be regarded as significant. The incorporation of 30% modifier gave essentially similar 
results. As main objective of using modified blends is to increase either fracture toughness 
or glass transition temperature (or both) without compromising any other properties, the 
observations made in this section will be more meaningful when considered in conjunction 
with those made from other tests.
4.4.4. Flexural Modulus and Flexural Strength
Flexural test data from three point bend tests are given in table 4-3. Flexural strength and 
modulus both depend on fibre content, and unfortunately the unmodified standard by 
which the other panels were compared had a much lower fibre content. This must be 
remembered when considering the data, so although the modified blends appear at first to 
offer an improvement in flexural modulus and strength, this improvement cannot be 
considered genuine. A comparison of the modified blends with themselves can, however 
be made in most cases as their fibre contents are reasonably close, and this is discussed 
later.
A further attempt was made to rationalise these data by considering values normalised to 
an idealised fibre volume fraction of 60%. Thus normalised flexural strength is given by
f F (normalised)- 60 f F 
Vf(%)
Ideally, samples with similar fibre contents should be tested, however in this case time 
constraints prevented repeat preparations of panels. A normalisation of results such as this 
is not a substitute for a properly conducted test, so care must be taken not to draw too 
many conclusions from the data. The normalised values are given in table 4-4, and the 
differences between different samples are much smaller than with the raw data.
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Raw data
table 4-3. Flexural data.
R e s in  B le n d F le x u ra l  
S tren g th  
f v  (G P a )
S ta n d a rd
d e v ia tio n
(G P a)
F le x u ra l  
M o d u lu s  
E v  (M P a )
S ta n d a r d
d e v ia tio n
(M P a)
F ib re
V olu m e
f r a c t io n
W < % )
D e n s i ty
Pc.
g e m ' 3
2-1 1.04 0.15 73 6 33 1.42
4r-2-2 1.78 0.21 148 13 5 5 1.60
4r-2-3 1.83 0.08 122 10 54 1.58
5r-2 1.79 0.29 114 1 48 1.54
5r-3 1.51 0.03 109 3 50 1.56
6r-2-2 1.41 0.16 94 1 45 1.52
6r-2-3 1.52 0.09 115 2 63 1.54
2.5 T
U_
0.5 -
4r-2-32-1 4r-2-2 5r-2 5r-3 6r-2-2 6r-2-3
Blend
figure 4-16. Flexural strength (raw data)
All of the modified blends gave higher values for both flexural modulus and strength than 
the unmodified blend 2/ 1, an effect due at least in part to the low fibre content of the 
unmodified samples. Because of non-comparable fibre contents blends 2/1 and 6r/2/3 (with 
a high fibre volume fraction of 63%) are not further considered in this section. Of the 
other samples, blends 4r/2/2,4r/2/3 and 5r/2 stand out as having higher flexural strength, 
whereas blend 4r/2/2 gave the highest flexural modulus.
A general observation with all three modifiers is that 30% incorporation does not offer any 
advantages over 15% incorporation, giving slightly lower values of modulus and strength 
in most cases.
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Results of flexural measurements based on the three-point bend test are somewhat difficult 
to interpret as the loadings in the sample may be quite complex (see figure 4-9). Any 
tensile loadings in the specimen would be fibre dominated, and similar for all samples with 
a similar fibre content, whereas the compressive properties might vary more from one 
blend to the next. For this reason, one might expect the trends in flexural strength to be 
similar to those observed for compressive strength, which is discussed in section 4 .4 .5 .
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figure 4-17. Flexural modulus (raw data).
Normalised data
table 4-4. Normalised flexural data.
R e s in  B le n d N o r m a lis e d  
F lex u ra l  
S tren g th  (G P a )
S ta n d a r d
d e v ia tio n
(G P a )
N o r m a lis e d  
F le x u ra l  
M o d u lu s  (M P a)
S ta n d a r d
d e v ia tio n
(M P a)
2-1 1.89 0.27 133 11
4r-2-2 1.94 0.23 161 14
4r-2-3 2.03 0.09 135 11
5r-2 2.24 0.36 143 1
5r-3 1.81 0.04 131 4
6r-2-2 1.88 0.21 125 1
6r-2-3 1.45 0.09 110 2
There is very little variation in the normalised flexural strength of the different blend types, 
within experimental error and bearing in mind that these are not true experimental data. 
Blends 4r/2/2 and 5r/2 have a slightly higher modulus than the other blends, reflecting 
trends noticed in the raw data.
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figure 4-18. Normalised flexural strength.
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figure 4-19. Normalised flexural modulus.
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Conclusions
As with the ILSS results, it is difficult to find any significant differences between the 
blends containing 15% modifier and the unmodified blends, bearing in mind the volume 
fraction differences and distribution of results. The use of 30% modifier would, however 
appear to give a slight decrease in flexural strength and modulus over the other blends.
4.4.5. Compressive Strength
As with the flexural properties, compressive strength is highly dependent on fibre content 
of specimens, and variation in fibre content of the samples presented the same problems. 
Again, the modified blends showed a large increase in compressive strength over the 
unmodified blend, but this must be attributed in part to the differences in fibre content. 
Some of the samples may be compared with each other, however data normalised to 60% 
fibre volume fraction are also given. A roughly linear correlation between fibre volume 
fraction and compressive strength (within fibre volume fractions of 0.3-0.7) has been 
noted for epoxy-carbon fibre systems5, and this is the basis for the normalisation of data. 
Normalised compressive strength is given by
E IC(normalised^
LC Vf (%)
Raw data
table 4-5. Compressive strength.
R e sin  B le n d C o m p re ss iv e  
S tre n g th  (M P a)
S ta n d a r d
d e v ia t io n
F ib re  v o lu m e  
f r a c t io n  (VJ)(%)
d e n s i ty
P C -%g e m  J
2-1 585 61 33 1.47
4r-2-2 800 28 40 1.49
4r-2-3 905 135 54 1.58
5r-2 1041 66 48 1.54
5r-3 1012 55 55 1.59
6r-2-2 877 76 45 1.52
6r-2-3 787 117 44 1.51
At 15% incorporation modifier 4rOCN gave a compressive strength of 800MPa. At 30% 
incorporation, the compressive strength had risen to 905 MPa, however the large 
distribution in these readings makes this further increase less significant. Modifier 5rOCN 
gave a slightly higher compressive strength of 1041 MPa at 15% incorporation, with a 
similar figure of 1012 MPa being noted as the modifier content was increased to 30%. 
Modifier 6rOCN showed a compressive strength of 877 MPa at 15% incorporation, with a 
slightly lower value noted at 30% incorporation.
135
1200 T
1000  -
'rd
CL
CD
~  800 -
"5isz
©
V, 600 -
©  > 'in tn © i_ 400 -CL
EoO
200  -
2-1 4r-2-2 4r-2-3 5r-2 5r-3 6r-2-2 6r-2-3
Blend
figure 4-20. Compressive strength (raw data).
Compressive strength is a difficult topic to discuss as the mechanics of the failure 
processes are not fully understood, however microbuckling of the fibres (buckling in 
localised regions) is one of the main fracture mechanisms. The compressive strength 
depends on the amount of support the matrix can give to the fibre, and hence on the shear 
strength of the matrix and also on the strength of the resin-fibre interface. These are the 
same properties which govern ILSS and flexural properties, so a similar pattern might be 
expected. This is in fact true, in as much as a slight general improvement in compressive 
strength is noted at 15% modifier incorporation, over the unmodified blend, with a much 
smaller change noted going from 15% modifier to 30%.
As with the flexural specimens, the fibre volume fraction of the unmodified blend is very 
low, a factor which may be responsible for its poor performance.
Interestingly it is the 5rOCN modifier which provides the largest compressive strength, at 
both 15% and 30% incorporation, whereas with the previous tests it was the 4rOCN 
modifier which gave the best properties.
Normalised Data
The overall trends are similar to those observed with the raw data, only less pronounced 
(see table 4-6). At 15% incorporation modifiers 4rOCN and 5rOCN gave a slight increase 
in compressive strength over the unmodified blend (although the experimental error is 
large), and at 30% incorporation compressive strength was similar to the unmodified 
blend.
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Table 4-6. Normalised compressive strength.
R esin  B le n d N o r m a lis e d  
c o m p r e s s iv e  s tre n g th  
(M P a)
s ta n d a r d  d e v ia t io n  
(M P a)
2/1 1064 111
4r/2/2 1200 42
4r/2/3 1006 150
5r/2 1301 83
5r/3 1104 60
6 i /2 l2 1169 101
6 i/2 /3 1073 160
Conclusions
Whilst the blends containing 15 % modifier appear to show a slight improvement in 
compressive strength, again this cannot be regarded as being conclusive because of the 
uncertainties in the measurements. Blends containing 30% modifier show a slightly lower 
compressive strength than those containing 15% modifier.
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figure 4-21. Normalised compressive strength.
4.4.5. G1C1 measurements
The results of the DCB tests are summarised in table 4-7, and shown graphically in figure 
4-22.
Bearing in mind the distribution of results that the DCB test gave, there is no significant 
difference in the fracture toughness of the unmodified blend and of the blend containing 
15% of modifier 4rOCN. At 30% modifier the fracture toughness was similar. The results 
obtained using modifier 5rOCN at 15% incorporation suggested that a reasonable increase 
in fracture toughness had been obtained. A G1C value of 513Jnr2 at 15% incorporation was
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noted, an increase of almost 40% over the unmodified blend, however the validity of this 
result is uncertain due to the distribution of data. The distribution of results was quite 
large for blend 5r/2, with some individual specimens returning values as high as 600Jm*2, 
suggesting room for further improvement if greater consistency could be achieved. Panels 
prepared from the blend 5r/3 containing 30% of modifier 5rOCN were unsuitable for DCB 
testing, due to excessive voiding, so no G1C data is available for this blend.
table 4-7. Gi r data________________________________ ________________________
R e s in  b le n d G  iC. f r a c tu r e  
e n e rg y  (Jm~^)
s ta n d a r d
d e v ia tio n
f ib r e  v o lu m e  
f r a c t io n  
V f(% )
D e n s ity  
P c  fe  cm '3)
2/1 372 50 36 1.48
4r-2-2 367 52 62 1.63
4r-2-3 337 114 55 1.60
5r-2 513 90 60 1.58
5r-3 not measured n/a n/a n/a
6r-2-2 346 36 42 1.49
6r-2-3 271 30 43 1.48
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figure 4-22. Fracture toughness.
At 15% incorporation modifier 6rOCN gave a similar fracture energy to the unmodified 
blend, and at 30% incorporation fracture toughness decreased significantly.
Factors affecting fracture toughness.
Before the results are discussed in more detail, it is necessary to outline the factors which 
may affect fracture toughness, on a bulk scale. The fracture toughness of a sample of 
unidirectional composite depends mainly on three properties:
I t t
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1) The fracture toughness of the resin. Neat resin fracture toughness is a property that can 
be measured, however all measurements were performed on composites in this work so 
this property cannot be quantified. The possible effects of modifier structure on resin 
fracture toughness are discussed later in this section.
2) The strength of the fibre-resin interface. The earlier ILSS results suggested that the 
blends containing modifier might possess slightly better fibre-resin adhesive properties, but 
the advantage is not significant, especially bearing in mind the distribution in G1C data.
3) Effects arising from the preparation of the composite. Misaligned fibres are an example 
of this, where some fibres may bridge the gap between the two halves of the specimen at 
the crack tip ( see figure 4-23). An increase in fracture energy may be noticed, due to the 
necessity to break the fibres in order to propagate the crack7c.
figure 4-23. Bridging-fibres in DCB specimen leading to apparent 
increase in toughness.
The effect of bridging fibres in carbon-fibre based systems such as these where no out of 
plane crack propagation was observed, is usually very small and was deemed to be 
negligable in this case. It is often more noticeable in very tough systems where damage is 
spread over a wider area, and more out of plane crack propagation occurs. Recent work 
by Hillig117 considered the effects of fibre misalignment on fracture behaviour of 
composites more generally.
Discussion of G1C data
The G1C data must be treated very carefully, as with the data from the other tests. The 
distribution in data and fibre content of specimens blurs the results somewhat, and the 
validity of the data needs further thought. Of particular interest is the measured ^ ic  value 
for unmodified blend 2/1. The fibre volume fraction of the specimens, at 36%, was 
somewhat lower than that of the other samples tested. Ideally comparisons should be made 
between samples of near-identical fibre content, so the validity of the measurement is 
questionable. Fortunately a comparison with the results of others suggests the effect of the 
low fibre content in the unmodified blends may be limited in this particular case. The G1C 
values obtained here for the unmodified blends were very similar to those recorded by 
Stedman81, using very similar resin blends and sample types etc., but with fibre volume 
fractions of approximately 60%. Whilst the fracture toughness recorded for blend 2/1 was
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not an ideal measurement, the similarity with others1 results suggests it is a reasonable 
basis for comparison with the other blends.
The G1C samples based on modifier 6rOCN also had quite low fibre volume fractions 
(between 42 and 43%), which are comparable to those of the unmodified blend.
Modifiers 4rOCN and 6rOCN both showed a similar fracture toughness to the unmodified 
blend at 15% incorporation, and a lower fracture toughness at 30% incorporation. 
Modifier 5rOCN at 15% incorporation seemed to show an increased fracture toughness 
(although the increase was not conclusive), and the most likely contributor to these 
differences is the fracture toughness of the resins. The toughness of a resin is related to its 
ability to dissipate energy, and this requires a degree of flexibility. In conventional 
toughening approaches to thermosets this is achieved either by the incorporation of 
flexible rubber or thermoplastic particles, or by the use of co-reactants which lower the 
overall cross-link density. More detail on toughening mechanisms can be found in texts, 
such as Bucknall7d. Before the different modifiers used in this work are considered, 
attention is drawn to an observation made in previous work81 that a 1:1 blend of 
bismaleimide and cyanate produced a 70% improvement in composite fracture toughness 
over unmodified bisphenol-A dicyanate based composite. The interpenetrating network 
formed from such a blend is inherently tougher than either of the component resins. One 
possible explanation for the toughening mechanism is the formation of discreet 
polycyanurate and poly-bismaleimide regions (and mixed areas) in the IPN product. 
Discreet networks which were not chemically linked would give a limited increase in 
overall flexibility compared to a conventional cross-linked system and the observation of 
two Tg s (by DMTA-see figure 3-22) also suggests a degree of heterogeneity. Whatever 
the toughening mechanism, it is probable that the same processes were occurring in those 
blends used in this work, with 65% B30/ 35% Cp353.
The effect of the modifiers is to partially link the two networks together -DMTA 
confirmed this by the presence of only one Tg(at a higher temperature than the first Tg in 
the unmodified blends). Compared to low molecular weight modifiers an oligomeric 
species such as 5rOCN with a low concentration of functional groups would lower the 
overall cross-link density of the network. Thus from a simple cross-link density argument, 
one might expect blends such as 5r/2 to show enhanced fracture toughness over those 
based on low molecular weight modifiers, and the oligomers 4rOCN and 6rOCN with a 
higher number of reactive groups. The effect of modifiers on overall cross-link density, 
compared to unmodified blends is less clear as the extent of reaction of the various groups 
is not known.
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Conclusions
As with previous results the distribution of data and variable sample quality make it 
difficult to draw firm conclusions. Incorporation of 15% of any of the modifiers into a 
blend brought about no noticeable decrease in fracture toughness. At 30% incorporation a 
slight decrease was noted. A blend containing 15% of modifier 5rOCN appeared to 
increase fracture toughness by 40%, a considerable amount, but the distribution of data 
was such that this result was not strictly valid. A more rigorous test procedure to verify 
this data would be useful.
4.4.6. Scanning Electron Micrographs (SEMsl of fracture surfaces
(see figures 4-24 to 4-27)
Fracture surfaces were coated with gold and palladium, and micrographs were recorded 
on a Hitachi S-450 Scanning Electron Microscope with an accelerating voltage of 20kV. 
The SEMs were of similar appearance in all cases, and did not show any signs of phase 
separation (distinct phases can often be seen very clearly in SEMs of thermoplastic 
toughened systems, for example in the modified cyanate described by Shimp et al,34). The 
inability to detect distinct phases may be due to the insensitivity of the method, however 
the SEM results are not entirely without use. They can also give information on fibre-resin 
adhesion which may be of importance, as the failure of the fibre-resin interface is a 
possible mode of failure in composites. In this case the fibre-resin interface was reasonably 
good (pieces of resin can be seen on the surfaces of the fibres in some cases).
4.5. Summary of Composite Studies
Conditions were developed for the preparation and processing of carbon fibre reinforced 
composites based on blends containing the novel modifiers synthesised as part of this 
work. It was eventually possible to routinely produce good quality composite panels based 
on the majority of the blends using pre-impregnated fibre and the autoclave cure 
technique.
A series of mechanical tests were carried out to determine the effect of the modifiers, on 
the properties of a bismaleimide/cyanate ester resin blend. Incorporation of the modifiers 
brought about little change in general composite properties (ILSS, flexural strength and 
modulus, and compressive strength) at 15% incorporation, but results indicated that 
modifier 5rOCN might offer increased fracture toughness (more work would be required 
to verify this). At 30% incorporation none of the modifiers showed any benefits over the 
unmodified blends.
When compared with composite data for other systems (for example Compimide 
796/TM12046 and the cyanate-bismaleimide blends of Stedman81), it can be seen that the
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general properties of the blends used in this work are comparable, and no different to 
those expected for a high Tg system.
Scanning Electron Microscopy did not give any indications of any morphological changes, 
brought about by inclusion of the modifiers - no phase separation was observed.
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figure 4-24 SEM of blend 2/1 (lOply laminate)
figure 4-25. SEM of Blend 4r/2/2 (lOply laminate)
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figure 4-26. SEM of Blend 5r/2 (lOply laminate)
figure 4-27. SEM of blend 6r/2/2 (10 ply laminate)
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Chapter 5. Conclusions and Future Work
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5.1. Summary of Synthetic work
The first part of this work concentrated on the synthesis of the oligomeric alkenyl 
fimctionalised cyanate esters and several synthetic approaches were investigated. Four new 
modifiers were prepared, shown in figure 5-1. The first three of these were evaluated as 
modifiers for bismaleimide/cyanate blends.
N=c-o o-c=N
6rOCN
N = C —0
O
4rOCN
/  °  r l 0 a  | a 0j i
W  || \ = /
o
5rOCN
O—C = N
O
figure 5-1. Modifiers synthesised in this work.
The route used for the allyl fimctionalised oligomers was based on the condensation of 
partially protected hydroquinone and bisphenol-A derivatives with bis 4-halophenyl 
sulphones. Eventually mono-allyl ether derivatives (of bisphenol-A and hydroquinone) 
were used, to eliminate the need for a de-protection and subsequent re-etherification of the 
oligomers formed. The allyl side chains could not be isomerised to propenyl groups 
without destroying the backbone of the oligomer, and a different approach to the synthesis 
of propenyl fimctionalised propenyl cyanates was taken.
The propenyl fimctionalised oligomers were prepared from the sequential condensation of 
2-allyl phenol and a bisphenol-A or hydroquinone derivative (not necessarily in that order), 
with a bis 4-halophenyl sulphone. The allyl to propenyl isomerisation was conveniently 
effected during this process.
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The cyanation of all of the hydroxy terminated oligomers thus formed was accomplished 
without difficulty.
5.2. Summary of Thermal Analysis
The reactivity of three of the modifiers, 4rOCN, 5rOCN and 6rOCN was investigated by 
DSC. The co-reaction of these modifiers with DDM-BMI was investigated, with the 
propenyl fimctionalised compound, 5rOCN showing enhanced reactivity over the allyl 
fimctionalised modifiers. Thermogravimetric analysis showed that all of the new modifiers 
were stable to weight loss at their expected operating temperature in air and nitrogen. The 
potential improvement in Tgand use of lower cure temperatures resulting from the 
addition of these modifiers to blends of an unfimctionalised cyanate (AroCy B30) and a 
bismaleimide (Compimide 353) was demonstrated by DMTA, in neat resin samples and in 
carbon-fibre reinforced composite samples.
5.3. Summary of Composite Testing
Carbon Fibre reinforced composite panels were prepared from pre-preg based on blends of 
the new modifiers, AroCy B30 and Compimide 353. Suitable cure cycles were found for 
the majority of blends investigated, so that void-free panels could be routinely prepared.
No problems were encountered from volatile species during cure.
A series of tests to evaluate interlaminar shear strength (ILSS), flexural strength and 
modulus, compressive strength and mode 1 fracture toughness (G1C) was conducted.
ILSS, flexural strength and modulus, and compressive strength properties were virtually 
indistinguishable for all blends tested (an unmodified standard and blends based on 
modifiers 4rOCN, 6rOCN or 5rOCN).
The G1C measurements showed no significant differences between blends containing 15% 
of modifiers 4rOCN or 6rOCN, and an unmodified blend of B30 and Compimide 353. 
Blends containing 30% of these modifiers exhibited slightly lower fracture toughness. The 
blend containing 15% of unsymmetrical modifier 5rOCN, seemed to show a 40% 
improvement in fracture toughness over the unmodified blend, however the distribution in 
results and fibre content of samples was large, and more measurements would be required 
to verify this result.
SEM analyses of fracture surfaces did not show any signs of phase separation in the 
matices.
5.4. Fracture Toughness-Tg combinations
The similarity in the general mechanical properties of the samples (apart from fracture 
toughness) is perhaps fortunate, as it makes an overall analysis of the results more simple.
A plot of fracture toughness versus glass transition temperature for all of the blends tested 
should provide a reasonable comparison. This is shown in figure 5-2, which assumes that 
the G1C measurements were valid.
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figure 5-2. Fracture toughness- Tg combination.
It is generally accepted that increases in fracture toughness are accompanied by a decrease 
in Tg, and vice-versa, however this is not the case with some of the blends studied in this 
work. Two blends show more promising combinations than the others, namely 4r/2/2 
(containing 15% of modifier 4rOCN) and blend 5r/2 (containing 15% of modifier 5rOCN). 
Blend 5r/2 showed an apparent increase of 40% in fracture toughness over the unmodified 
blend, with a 5°C increase in Tg. Blend 4r/2/2 showed a 25°C increase in Tg, with a similar 
fracture toughness.
5.5. Conclusions
The original aims of the project have been achieved, in that oligomeric alkenyl cyanate 
compounds were synthesised and evaluated as modifiers for incorporation into a 
commercial cyanate/bismaleimide blend. The potential for increasing fracture toughness 
and/or glass transition temperature without compromising either was demonstrated.
The molecular weight of the modifiers was low compared to the thermoplastic type 
modifiers which are commonly used to toughen thermosets, and did not promote 
detectable phase separation in the way that high molecular weight thermoplastic modifiers 
can (this may simply be due to the insensitivity of the method). The unmodified 
B30/Compimide 353 blend used as a standard by which blends containing modifiers were 
compared, showed a fracture toughness significantly greater than that of unmodified B30 
or Compimide 353. The toughening mechanism is probably due to very small scale 
separation of polycyanurate and bismaleimide phases, in the interpenetrating network 
structure formed, although as previous workers have found81 this could not be confirmed.
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A modification of this network to give a linked IPN, that is still essentially heterogeneous, 
is a likely result of the incorporation of the modifiers at low concentrations. The 
heterogeneity of the network would explain the relatively high (compared to unmodified 
resins) fracture toughness observed, with the linking of the polycyanurate and poly- 
bismaleimide networks giving the Tg increase.
The explanation given above is equally applicable to lower molecular weight modifiers 
(such as those based on bisphenol-A) studied by others, and bearing in mind the similarity 
of the results obtained, the advantages (if any) of using oligomeric modifiers over lower 
molecular weight alternatives must be evaluated. The use of an oligomeric modifier can 
potentially lower the overall cross-link density of the matrix relative to a blend containing 
low molecular weight modifiers, the best example being 5rOCN which gave the highest 
fracture toughness when blended. If the higher toughness observed is mainly due to the 
lower cross-link density, the possibility of obtaining the same result from, for instance a 
combination of a bisphenol-A based modifier and reactive diluents, must also be 
considered.
An economic consideration must also be made when drawing conclusions from this work, 
as any resin system intended for large scale use must be capable of being synthesised at 
reasonable cost. The two modifiers which showed most promise, 4rOCN and 5rOCN had 
simpler syntheses than the longer oligomer 6rOCN, however the cost of these materials 
would need to be evaluated very carefully.
The results of this work therefore sugggest that some of the modifiers synthesised offer an 
improved combination of thermal and mechanical properties when added to a blend of 
commercial bismaleimide and cyanate ester resins. The determination of the advantages of 
these modifiers, if any, over simpler modifiers (from both a scientific and economic 
consideration) would now require a much more extensive investigation.
5.6. Future work
This can be divided into several areas :
Environmental tests on the modifiers.
Perhaps the most important study would be moisture uptake, as this can have a 
devastating affect on the Tg of these materials. In a study on similar systems, Stedman81 
found that modified cyanate/bismaleimide blends showed moisture uptake intermediate 
between that of cyanates and bismaleimides. The blends used in this work would be 
expected to show similar behaviour, but an experimental study would be required if any 
further development were to be done.
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Neat Resin characterisation.
Very little neat resin characterisation was done, partly because the original aim of the 
project was to study composites. Many of the mechanical properties that the composites 
were tested for, depend on the properties of the resin and on the fibre-resin interface, and 
trying to account for both processes without a full understanding of either complicated, 
the analysis of the results. A comprehensive study of neat resin properties would allow for 
a more complete understanding of the composites, as well as being interesting in its own 
right.
The large discrepancy between neat resin and composite Tg noted in some cases is not 
understood, and is another possible area of investigation.
A further factor which may affect the toughness of the resins is the effect of the (relatively) 
polar oligomer backbone on the morphology of the cured resin. Although no studies have 
been made on the mechanisms and kinetics of IPN formation in this type of resin blend 
(cyanate ester / bismaleimide blend), the effect of the modifiers containing polar groups 
such as the sulphone linkages may be to alter the morphology, when the modifiers are used 
in high concentrations. A lesser degree of heterogeneity in the network is a possible 
explanation for the relatively poor fracture toughness of blends containing 30% modifier, 
bearing in mind that their Tg s are also relatively low. To investigate such processes would 
require much more work.
Further composite testing.
While DMT A can give an indication of how properties such as modulus fall off as 
temperature increases, a program to fully investigate hot and hot/wet properties would be 
essential for further development of these resins. The investigation of post-impact 
compressive strength (Compression after impact or CAI) of the composites would be 
useful, particularly as it is the measure of toughness favoured by major aircraft 
manufacturers such as Boeing. Experiments to verify the fracture toughness measurements 
made during this work would also be useful.
Investigation of the toughening mechanism.
The nature of the morphology of the modified and unmodified cyanate/bismaleimide 
blends studied is not fully understood. DMTA studies suggested that the matrices are 
heterogeneous, but SEM micrographs failed to yield any further information. A study to 
investigate the cure reactions and morphology of the blends more fully might lead to a 
better understanding of the toughening mechanism and how it might be improved.
Blend optimisation.
Only a limited number of blends were investigated in this work, due to time constraints 
and initial processing difficulties. The dramatic variation of properties with blend
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composition was demonstrated, and there is potential for further improvement with careful 
blending. There is scope for variation in the overall bismaleimide/cyanate ratio, as well as 
the amount of modifier.
Another variable in blend preparation is the choice of catalyst. In this work, a nonyl-phenol 
and copper(EE) naphthenate mixture was used, but there are many others which can be 
used to tailor the properties of the resin to particular requirements.
Synthetic work.
The synthesis of the unsymmetrical oligomers could be improved further, either to reduce 
the number of side products or reduce the number of steps. A "one-pot" type synthesis, 
based on common reagents appears to be possible, and this would be particularly useful if 
these modifiers were to be synthesised on a large scale.
Fibre choice.
Only one fibre type was used, and whilst it seemed to give adequate results, the use of 
different fibres or size types may give improvements in composite properties.
At the time of writing, efforts are underway to obtain patent protection for the 
unsymmetrical propenyl cyanate oligomers, compounds (15) and (16) (5rOCN). There is a 
strong possibility of further development work on these modifiers.
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Appendix
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Dynamic Mechanical Thermal Analysis- determination of modulus and glass 
transition temperature.
The derivation shown below is meant only to outline the mathematics the DMA and 
DMT A techniques- more detailed information can be found in many texts (for instance 
Young103) . In dynamic mechanical analysis, a sinusoidal stress is applied to a specimen 
(either to cause bending, or as a torsional stress). The reaction of the material to the 
applied stress, its strain, is measured. The variation of the applied stress, a, at time t and 
angular frequency © is given by the formula
<7 = <t0 sin cat (1)
The strain for an elastic material obeying Hooke's law would be given by
e = e0 sin cat (2)
However in a viscoelastic material the strain lags behind stress, and in a sinusoidal system 
will be out of phase (by an angle 8).
The stress is now given by
(j— c q sin( cat + S) (3)
equation (3) can be expanded:
o -  <j0 sin( 6tf)cos(<5)+ct0 cos(c#)sin( S) (4)
The stress (a) can be separated into two components:
(o0 cos (5) in phase with the strain and
(<70 sin S) Till out of phase with the strain
Two moduli E' and E" can now be defined 
E 1 =—  cosS
eo
E n = — sin#
*o
Strain (a) is now given by
<j=e0E J sm^caty^e^E11 cos(at) (5)
E' and E" can define a complex modulus, E* (see figure A-l).
If stress and strain are given by 
e - e 0 exp(/6tf) and
(j— <Jq Qxp(i(cat + S))
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The complex modulus (E*) can be defined in terms of stress and strain:
£*= —= — exp(/<5)
« eo
= -^-(cosS+i sin S)
eo
= E 1 +iEn
and tan S =
E 1
R
E*
E"
E’
figure A-l
The complex modulus thus depends on two frequency dependent components E1 (known 
as the storage modulus) and En (known as the loss modulus). E1, in phase with the applied 
stress is a measure of the stored energy and E11, n il out of phase with the applied stress is 
a measure of the energy dissipated by the material, and is in fact a real quantity.
At small values of 8 , E* approximates to E1, and dynamic mechanical behaviour is often 
described in terms of "modulus" (E » E 1) .
For the determination of glass transition temperature, several methods may be used ;
1) The onset of the fall in E1, or the inflection temperature of the modulus drop.
2) The maximum in the loss modulus, En.
3) The maximum in the damping curve, tan8
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